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DEDICATION 
This collection of papers is affectionately dedicated to the memory of 
Milton Silv.erman by a group of his friends and colleagues. His warm 
friendship, cool and penetrating judgment and unusual detachment from 
the nonessentials of modern science will be sorely miss e d. 
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THE DETERMINATION OF a-TOCOPHEROL IN ANIMAL TISSUES 
BY GAS-LIQUID CHROMATOGRAPHY 
J. G. Bieri and E. L. Andrews 
Laboratory of Nutrition and Endocrinology 
National Institute of Arthritis and Metabolic Diseases 
National Institutes of Health 
Bethesda , Maryland 
ABSTRACT. Experiments have shown the possibility of 
determining submicrogram amounts of a-tocoph ero l 'in 
extracts of animal tissues by gas chromatography and 
the separation of various tocopherol derivatives is 
demonstrated. The possible application of gas chrom-
atography to studies of the metabolism of vitamin Eis 
discuss ed . 
Analytical methods currently used for the estimation of a-tocophe rol 
are based on color reactions coupled with the oxidation of the tocopherol. 
The most widely applied reaction is that of Emmerie and Engel in which 
a mixture of ferric chloride and bipyridyl is employed . The smallest 
amount of pure a-tocopherol detectable by this reaction is about one 
microgram, depending on the r eaction volume and the type of colorim-
eter used. More critical, howeve r, is the problem of isolating the a-
tocopherol in natural materials from other lipid substances, usually 
unsaponifiable matter, in a sufficiently pure state for the relatively non-
specific color reactions. In the case of animal tissues, a semi-micro 
column chromatographic procedure recently has been described which 
separates a-tocopherol from other reducing compounds prior to per-
forming the Emmerie-Engel reaction (Bieri, Pollard, Pra nge and Dam, 
1961). The validity of the procedure was established by comparison with 
the separation of a-tocopherol by molecular distillation (Glavind, Hes let 
andPrange, 1943). 
With the development of gas-Liquid chromatographic (GLC)proc edures 
for the separation of steroids (VandenHeuvel, Sweeley and Horning, 1960) 
it appeared promising to try this technique with the tocopherols. The 
increased sensitivity of gas chromatography over other ·analytical tools .1 
should make it possible to detect quantities of tocopherol much smaller 
than possible heretofore. This has been found to be the case, and in 
addition to offering possibilities as a quantitative procedure, its use for 
the qualitative identification of a-tocopherol and its derivatives in studie s 
of the metabolism of vitamin E has been found to be practicable. Since 
this study was begun, Wilson, Kodicek and Booth (1962) have reported 
their experience with gas chromatography for the determination of the 
tocopherols. Also, preliminary reports by Carroll (1962) and Nair 
and Turner (1962) have appeared. In the present paper, we report our 
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experience in applying GLC to the determination of a-tocopherol in 
animal tissue. 
MATERIALS AND METHODS 
A Barber-Colman Model 15 gas chromatograph with an argon ioniza-
tion detector with a radium foil was used. Glass U-tubes six feet long 
and of 4 or 6 mm internal diameter were packed with Chromosorb W, 
80-100 mesh, coated with a silicone gum (SE-30) at concentrations from 
3/ 4 to 7%.
1 
Samples dissolved in isooctane were introduced with a 10 µl 
H:a.milton microsyringe. 
Pure d, '{- and d, 5-tocopherols, and d, a-tocopheryl quinone were 
purchased from Distillation Products Industries. Samples of dl, a-
tocopherol and dL, a-tocopheryl acetate were obtained from Merck, Sharp 
and Dahme. Separation of a.-tocopherol from the unsaponifiable fraction 
of rat and chick tissues was p e rformed on a semi-micro column of 
alumina and zinc carbonate (Bie ri, Pollard, Prange and Dam, 1961). 
The eluate fractions containing a.-tocopherol were evaporated to dryness 
in a 2 ml conical centrifuge tube, using a stream of nitrogen and a 50 ° C 
water bath. The sides of the tube were rinsed down with hexane so that 
all the residue accumulated in the tip. When the amount of tocopherol 
was relatively large (more than 5 µg) 15 µl of spectra grade isooctane, 
added with a microsyringe, was used to dissolve the residue. An aliquot 
was then drawn up in the same micro syringe and injected into the column. 
The syringe needle was always filled with solvent prior to drawing up 
the sample, and the needle was kept in the injection port for ten seconds 
after the plunger was depressed to allow for complete volatilization of 
the sample and solvent. 
When the amount of tocopherol was small, the residue in the 2 ml 
centrifuge tube was dissolved in 10 µL of isooctane dispensed from a 
micrbsyringe and the solution immediately taken up in a fine capillary 
tube2 from which 6-8 µl could be quantitatively drawn into the same 
microsyringe without the admission of air bubbles. This was injected 
into the gas chromatograph. Areas under the peaks were calcu!ated by 
triangulation. 
RESULTS 
Initial experiments with dl- a.-tocopherol indicated that the compound 
came th:r-ough the column unchanged. The detector response deviated 
slightly from Linearity in the range of l to 6 µg, with a proportionally 
greater response being obtained with the latger amounts of tocopherol. 
This effect was not so marked in the range of 0. 25 to 1. 0 µg, as shown 
in Table 1 where peak areas from a typical standard curve from a 1 % 
SE ... 30 column are given. The reasons for the nonlinearity are not known. 
In quantitating unknown samples, an amount of standard a.-tocopherol 
1 Obtained from Applied Science Laboratories, Inc., State College, 
Pennsylvania. 
z Micro hematocrit tubes 32 x 0. 8 mm were found satisfactory . 
(Drummond Scientific Company, Philadelphia, Pennsylvania.) 
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Table 1. GLC peak areas as related to amounts of a.-tocopherol. 
µg a.-Tocopherol 












Av. P eak Area± S. E. 
3 .8±0.2 
10 . 6±0.4 
14.7±0.4 
22.3±0.l 
28. 5 ± 0. 3 

















* lo/o SE-30 on Chromosorb W, 80-100 mesh. Temperatures: column 
235°; detector cell, 255°; flash heater, 255° ; inlet pressure 34 p.s.i.; 
relative gain, 100; voltag e , 900. Averages of 3 or 4 determinations. 
Peak areas are arbitrary units. 
** Same conditions as in Experiment No. 1, exc e pt inlet pr e s sure :: 18 
p. s.i. and gain= 300. 
e stimated to be close to the amount in t he unknown was run directly after 
the sample {be Low). 
With a freshly-cleaned detector cell it was possible to operate at a 
relative gain of 1000 and a voltage of 900. At this high sensitivity the 
base line was 2-3 mm in thickness. Under such conditions, 0. 5 µg of 
a.-tocopherol gave a r ec order peak which was 0. 67 of the full scale re-
sponse. Thus, as little as 0. 1 µg would give a significant peak and could 
easily be detected. In most of the work, however, a r elative gain of 100 
or 300 was used with quantities of compounds in the range of 0. 5-2 µg. 
The separation of a.-, '{ - and 5-tocopherols was easily accomplished. 
Retention times relative to a.-tocopherol were: '{ == 0. 83 ; 5 == 0. 68. 13-
tocopherol was not tested. In paper chromatographic systems 13- and'{-
tocopherols usually do not separate, and Wilson, Kodicek and Boot.h (1962) 
were unable to separate these dimethyl tocols on a 4% SE-30 column. 
Of particular interest was the behavior of a.-tocopheryl quinone in re-
lation to o.-tocopherol, since the occurrence of the quinone in animal 
tissues has been difficult to demonstrate due to its much Lower concen-
tration than tocopheroL (Morton and Phillips, 1959). Experiments showed 
that tocopheryl quinone came through the SE-30 column with a retention 
time only slightly different from that of a.-tocopherol. With most of the 
columns tested the separation of these compounds was not complete, a 
bicuspid peak generally being obtained. In Tab le 2 are shown retention 
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d, a.-Tocopheryl succinate 
d, a.-Tocopherol 
d, a.-TocopheryL quinone 
d, a.-Tocopheryl acetate 
Cho le steryl acetate 
RT±S.E. 
1. 00 






* 1% SE-30 on Chromosorb W, 80-100 mesh. Temperatures: column, 
230°; detector cell, 265°; flash heater, 260°; inlet pressure, 25 p. s.i.; 
relative gain= 100; voltage= 900. Retention times are averages of 3-
5 determinations. 
times relative to cholestane. It is apparent that the retention times of 
the fr e e tocopherol, the quinone, and of the succinate ester are not suf-
ficiently different to permit adequate separation. Cholesterol was found 
to separate partially from a.-tocopherol (double peak). 
The retention time of a-tocopheryl acetate was sufficiently greater 
than the quinone to permit adequate separation. Figure 1 illustrates a 
chromatogram obtained with a mixture of cholestane, a-tocopheryl quin-
one and a-tocopheryL acetate. It would appear that acetylation of samples 
containing both a.-tocopherol and its quinone should permit separation, 
and this was indeed found to be the case. 
Other packings tested were 3/ 4, 3 and 7% of SE-30 on Chromosorb W, 
80-100 mesh, and 4% SE-30 on Chromosorb Z (silanized), 80-100 mesh. 
None of these packings were as satisfactory as the 1 % SE-30 described in 
Table 1 and Figure 1. 
Extracts of several tissues from rats and chicks were put through the 
1 % SE-30 column with very good success. The tissues were first saponi-
fied and extracted with hexane, and the extracts chromatographed on a 
column of alumina a,nd zinc carbonate (Bieri, Pollard, Prange and Dam, 
1961 ). The eluate fractions containing the tocopheroL (usually fractions 
2-5) were pooled, evaporated and prepared for injection as described 
above. Standard amounts of a.-tocopherol approximating the amount in the 
experimental sample were put through the chromatograph immediately 
following the tissue samples and the peak areas used to calculate the 
quantity of a.-tocopheroL in the unknown. 
In Figures 2, 3 and 4 ar e shown representative chromatograms from 
Liver, heart and spleen of normal (adequate vitamin E) animals. Except 
for a few low-molecular weight compounds that came off the column 
quickly, a.-tocopheroL was the only compound present in the extracts in 
significant amounts. It should be pointed out that the alumina-zinc car-
bonate column completely removes vitamin A, cholesterol, tocopheryl 
0 
Cholestane 
a - Tocopheryl 
Ouinone 
a - Tocopheryl 
Acetate 
5 10 15 
MINUTES 
Figure 1. Separati on of a-tocopheryl quinone and 
a-tocopheryl acetate. 1%SE-30 column, other 
GLC conditions as in Table 1; gain= 100. 
0 5 10 
MINUTES 
a - Tocopherol 
!5 20 
Figure 2. Chromatogram of rat liver. Sample put 
through c olumn represented 0. 25 g of tissue. 
P eak calcu lated to b e 2. 9 µg a-tocophe rol. 
GLC condition s as for Fig. 1. 
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quinone, ubiquonine and ubichromenol. {The Latter two compounds do not 
come through the SE-30 column , while vitamin A apparently breaks up 
into small compounds which emerge immediately after the solvent). 
Carotene passes through the adsorbent column quickly and is rejected in 
the first eluate fraction. 
When the eluate fractions containing a-tocopherol w e re acetylated 
{using the procedure described by Wilson, Kodicek and Booth, 1962) the 
GLC chromatograms were almost identical to those of the unesterified 
samples, except that the retention time of the major peak now corres-
ponds to that of a -tocopheryl acetate . 
A comparison of the amounts of a-tocopherol found in tissue eluates 
from the alumina-zinc carbonate column when one aliquot was analyzed 
with ferric chloride and bipyridyl, and another aliquot was put through 
the gas chromatograph as described above, is shown in Table 3. Agree-
ment in most cases was very good. The most probable source of error 
was in transferring the very small volumes from the centrifuge tubes onto 
the gas chromatograph. The technique described above, using a micro 
hematocrit tube, reduced this error and gave exc e llent results. The 
data in Table 3 provide additional evidence that a-tocopherol is the only 
reducing substance measured in the alumina-zinc c a rbonate column pro-
c e dure for determining vitamin E. 
Table 3. Comparison of the quantitative determination of a-tocopherol 
in animal tissues by ferric chloride - bipyridyl and by gas 
liquid chromatography.* 
Micrograms a-tocoEherol 
SamEle Emmerie-Enge l GLC GLC:E-E 
Chick liver A 4.14 4.51 1. 09 
" B 5.20 5.20 1. 00 
" c 2.46 2.39 0.97 
" D 1. 73 1. 83 1. 06 
" E 1. 40 1. 76 1. 26 
" F 7.60 6.45 o. 85 
Chick muscle 2.58 2.62 1. 01 
Chick spleen 3.40 3.41 1. 00 
Chick heart A 2.23 1. 94 0.87 
" B 3.53 3.82 1. 08 
* The eluate fractions containing a-tocopherol, from the alumina-zinc 
carbonate column (see text) were combined. One aliquot was deter -
mined colorimetrically and another aliquot was evaporated and one-
half injected into the gas chromatograph. Values shown for GLC are 
thus twice the amounts put through the instrument. GLC conditions 
as described in Table 1; relative gain= 30-100. 




Figure 3. Chromatogram of chick heart. Sample put 
through column represented O. 25 g of tissue. 
Peak calculated to be 1. 9 µ.g a-tocopherol. GLC 
rnnniti ons rt.S for Fill. 1. 
0 5 10 
. MINUTES 
15 20 
Figure 4. Chromatogram of chick spleen. Sample put 
through column represented 0.2 g of tissue. Peak 
calculated to be 1. 7 µ.g a-tocopherol. GLC con- ~ 
ditions as for Fig. 1. 
10 
0 5 
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Cholestane 
Cholesterol 




Figure 5. Chromatogram of rat liver extract prepared by thin layer 
and paper chromatography. Sample put through column 
represented ca. 3 g of tissue. Peak estimated to be 0. 2 µg 
a-tocopheryl quinone. GLC conditions as for Fig .1, except 
gain = 1000. 
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In considering the relative merits of the colorimetric and GLC tech-
niques, it is obvious that the latter would be advantageous only with 
tissue samples very low in a.-tocopherol (less than 1-2 µg / g). For these 
latter samples, it would be desirable to be able to inject almost the en-
tire sample into the instrument by some technique such as that described. 
In a study of possible metabolites of C 14-a.-tocopherol (unpublished), 
liver extracts prepared without saponification as described by Draper, 
Csallany and Shah (1962) were freed of sterols at low temperature and 
run on thin layer plates of silica gel. The single zone containing a.-
tocopherol and a.-tocopheryl quinone was eluted and run in one dimension 
on zinc carbonate impregnated paper, with 15% benzene in hexane as the 
developing solvent, (Green, Marcinkiewicz and Watt, 1955). All of the 
radioactivity moved near the solvent front. This was eluted and re-
chromatographed in the same system. Two radioactive zones with Rf's 
of approximately 0. 5 and 0. 05 were detected on scanning, corresponding 
to a.-tocopherol and the quinone, respectively. The slow-moving zone 
was eluted and put through the gas chromatograph,_ with added cholestane 
as a reference compound. As can be seen in Figure 5, this sample still 
contained impurities, particularly cholesterol. Similar patterns were 
obtained with zones containing a.-tocopherol. We have not been success-
ful in removing these "contaminants" by repeated paper chromatography. 
The chromatogram shown was the clearest one obtained in this study. 
These experiments show that GLC can be useful for the determination 
of amounts of a.-tocopherol and its derivatives not heretofore possible by 
colorimetric procedures. In addition, GLC can aid in the identification 
of a.-tocopherol and its possible metabolites in studies of the metabolism 
of vitamin E. 
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A TALE OF TWO ENZYMES 
Simon Black 
National Institute of Arthritis and Metabolic Diseases, 
National Institutes of Health, Bethesda, Maryland 
[Foreword. Our acquaintance with Milton Silverman developed in large 
part through a twic e-weekly noontime seminar, or journal club, attend-
ed by from five to fifteen NIH biochemists over a span of eight years. 
The 11£ormat 11 of this meeting was exceptionally informal. Seated about a 
conference table we would begin our program by debating timely aspects 
of biochemical or national politics as we ate our home-made lunches. 
The speaker of the day, who generally hastened to finish his meal ahead 
of the others, then took up a position near the blackboard to discuss a 
current biochemical subj e ct. His presentation would be considered 
somewhat under par if it did not evoke an accompaniment of questions 
from the audience which were quite often of a harassing or heckling 
nature. In this setting Silverman was a performer of exceptional talent. 
His leisurely, soft spoken presentations were unfailingly well-prepared 
and enlivened with side lights of either a scientific or personal-anecdotal 
nature sometimes culled from literature as old as the Bible, or from the 
biochemical gossip of years past. In memory of these noontime scientific 
narratives we would like to tell the following small biochemical story.] 
A recent exchange of letters between the present author and Dr. 
Joanne M. Ravel of the University of Texas dealt with some questions 
concerning the enzyme aspartokinase (Reaction 1), which catalyzes for-
mation of 13-aspartyl phosphate, and the enzyme asparagine synthetase 
(Reaction 2). 
Aspartic acid +ATP 13-aspartyl phosphate +ADP 1. 
Aspartic acid +ATP + NH3 ~ asparagine +AMP + P-P 2. 
When these letters are edited to delete what is not completely essential 
to our story we find that only one sentence, the final one, remains in 
each. In their edited form they appear as follows: 
April 30, 1962 
Dear Dr. Ravel: 
Enzymatic aspartyl phosphate formation was discovered during 
these attempts to synthesize asparagine. 
Sincerely yours, 
Simon Black 
14 SIMON BLACK 
May 7, 1962 
D ear Dr. Black: 
W e discovered the asparagine synthetase reaction during the 
course of our search for aspartokinase. 
Sincer e ly yours, 
Joann e M. Ravel 
That each of two laboratories should find what the other is seeking may 
not be especially noteworthy in present-day biochemistry. A feature of 
this incident, however, is that the two discoveries were separated by 
nearly a decade and it is for this reason instructive to examine their 
history. 
We were introduced to the 1'asparagine problem" by W. H. Elliott, 
co-discoverer of glutamine synthetase (Elliott, 1951 ), who was an avid 
believer in Lipmann 1 s idea that a study of the enzymatic formation of 
simple amides, such as glutamine and asparagine , would shed Light on 
the presumably far more complex proble m of amide-type bond formation 
between amino acid residues in proteins. 1'Asparagine is going to tell us 
a Lot more about protein synthesis than glutamine, 11 he would say. And 
in one way he was right, for we now know that both asparagine biosyn-
thesis and amino acid activation for protein biosynthe sis d erive their 
required energy from the splitting of an ATP molecule to AMP and pyro-
phosphate, whereas the "ATP split" in glutamine synthesis forms ADP 
and orthophosphate. But in anothe r way he was quite wrong because 
asparagine synthetase, far from Leading the way to elucidation of protein 
biosynthesis, was discovered years after the discovery of the enzymatic 
activation of amino acids for incorporation into protein. 
A common technique in the search for asparagine synthetase was to 
incubate enzyme-containing extracts of cells with aspartic acid, ATP, 
and hydroxylamine., the latter serving as an analogue of ammonia. It was 
hoped thus to form the corresponding analogue of asparagine, asparto-
hydroxamic acid, which is easily detectable by a color test. Over a 
period of years this type of experiment with extracts of plant, animal, 
and microbial materials had yielded uniformly negative results in a 
number of laboratories. It was therefore somewhat of a shock to us· on 
January 20, 1953 (Inauguration Day) that this same experiment, unfruitful 
one-hundred times before, suddenly produced the rich brown positive 
color test for aspartohydroxamic acid in the presence of a preparation of 
yeast enzymes. But it was an even greater shock to learn, after several 
weeks of experimenting in disbelief, that ammonia could not be substi-
tuted for hydroxylamine in this enzymatic process which, it developed, 
was not the reaction of asparagine synthesis. It represented the enzy-
matic formation of a new and previously unsuspected substance, f3-
aspartyl phosphate (B Lack and Wright, 1955). This finding added a new 
element to the asparagine mystery: In the dozens of fruitless attempts 
to find asparagine synthetase why was this enzyme, aspartokinase, also 
undetected? Ar.i.d what caused it suddenly to reveal itself now? 
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All the mysteries of science appear to have this in common: their 
unraveling is slow and laborious and their solutions unbelievably simple. 
Thus more than six years passed before the work of Stadtman ~t ::_l. (1961) 
revealed that yeast aspartokinase is subject to the newly fashionable 
"feed-back" inhibition by a metabolic derivative of its reaction product, 
the derivative in this case being threonine. Such inhibition in crude cell 
extracts would hinder detection of the enzyme. The positive test of 
January 20 resulted from using a preparation which was not quite "crude," 
for it had been "purified" for another purpose by treatment with weak 
acid and ammonium sulfate, and by dialysis, and its threonine content 
appears to have been in this way reduced to a low level. 
Stadtman ~t ::_l. contributed mightily to the solution of the asparagine 
problem, though it may surprise them to hear of it. For by their exciting 
discovery that Escherichia coli possesses not one but two and perhaps 
even three aspartokinases, each fabricated to be sensitive to its own 
individual "feed-back" inhibitor, they inspired Dr. Ravel and her col-
leagues to search for similar phenomena in Lactobacillus arabinosus. 
So that once again, in new hands, the aspartic acid-A TP-hydroxylamine 
experiment was performed . Again a positive test resulted. And again, 
as Dr. Ravel's letter indicates, it was not caused by the enzyme the ex-
perimenters sought. This time, at long last, asparagine synthetase had 
made its appearance. 
Ravel et al. (1962) report that the asparagine synthetase of L. arabin-
osus is v;;.y-sensitive to "feed-back" inhibition by asparagine .- To make 
it even harder to find,its formation is strongly suppressed by the pres-
ence of asparagine in the organisms' growth medium. Perhaps there 
is ironic justice in the fact that biochemists who commonly jeer at 
psychiatry should be so long frustrated by an enzyme because, to use the 
latest terminology, this enzyme is repressed as well as inhibited. 
Because we believe that no scientific story should have an end we once 
more take the liberty of quoting Dr. Ravel: '' .•. in l:· arabinosus ... , " 
she writes, "we have not been able to demonstrate the existence of an 
aspartokinase.. . This is rather puzzling ..• " 
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STUDIES ON THE FOLIC ACID VITAMINS
1 
VIII. DURATION OF THE EFFECTS OF 
AMETHOPTERIN IN THE MOUSE 
Paul T. Condit 
pp. 1 7-22 
{From the Cancer Res earch Section, Oklahoma Medical Research 
Institute, and the Department of Biochemistry, University of 
Oklahoma School of Medicine, Oklahoma City, Oklahoma) 
SUMMARY . T h e du r a t i o n o f t h e i n hi b i t i o n o f t h e c o n v e r -
sion of exogenous folic acid to liver CF in the mouse 
by amethopterin in vivo has been determined. The 
period of inhibition is much longer than the toxicity 
produced by the drug and hence the major effects of 
amethopterin are probably not mediated via the folic 
reduct as e system. Furthermore, i ·t was not possible 
in vivo to displace amethopterin from inhibited enzyme 
and regenerate enzyme activity by exogenous folinic 
acid. 
The conversion of folic acid to sub stances with citrovorum factor {CF) 
activity in mouse liver is blocked in vivo by a dose of amethopterin some 
5000 times smaller than the LD50 dose {Condit, 1961). The present work 
extends these observations to measurements of the duration of this in-
hibitory effect, and establishes that it lasts considerably longer than the 
toxic effects of the drug. The results do not support the suggestion by 
Werkheiser {1961) that the inhibition of folic reductase is responsible for 
the toxicity, but rather agree with Goldin's thesis that amethopterin has 
at Least two sites of action {Goldin 5:._t ~·, l 950b). 
Methods 
The majority of the experiments we re performed with male {C57X 
DBA) F 1 mice, but a few were done with females. Males and females 
were not mixed in the same experiments, but there was no apparent dif-
ference in the re spouse to amethopterin of the males and females of this 
particular hybrid mouse, in contrast to the substantial sex difference 
reported by Goldin in CF 1 and CFW strains {Goldin ~ ~·, l 950a). LD50 
determinations were performed by the method of Cornfield and Mantel 
{1950) using 6 groups of 6 mice each. 
1 Supported by grants No. T-118 and T-119 and by a Florence L. Fenton 
Memorial grant for Cancer Research from the American Cancer Soci-
ety. Technical assistance was provided by Kay Barrick, Shirley Goff, 
Germaine Bohlman, Nita McMurry, and Jane Drake. 
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CF content of liver, spleen, kidney and gut (small intestine) was de-
termined by autolysis of acetone powders in the presence of histidine and 
ascorbate as previously described (Charache ~ ~., 1960). In determin-
ing the activity of the folic reductase system, mice we re given subcuta-
neous injections of 25 mg folic acid per kg, two animals were killed at 
each time up to 8 hours later, and the organs assayed for CF activity. 
To measure the duration of the inhibitory effects of amethopterin, simi-
lar test doses of folic acid were given on different days after amethop-
terin. 
Results 
Doses of amethopter1n ranging from 0. 05 to 200 mg/ kg were given. 
Two kinds of response were obtained in the liver: the first, with the 
period of observation long enough so that complete recovery of the en-
zyme system was ob.served (Figure 1, lower part) ; the second, in which 
the period of observation was not long enough, and on the la st day of 
observation the inhibition produced by amethopterin was . still pres_ent 
(Figure 2). ·Table 1 presents a summary of these two experiments plus 
nine others sh r- _- vin
0 
the duration of the inhibitory effects of different 
doses of ameth11vterin. In three experiments the period of observation 
was sufficiently i.ong to permit complete recovery; in the remaining eight 




























Only a few measurements were made in the other organs. Both kidney 
_and gut had less folic reductase activity than liver, but it was inhibited 
in both by amethopterin, 0. 5 mg / kg, for 8 to 15 days. Spleen had virtu-
ally no folic reductase activity and hence was unaffected by amethopterin. 
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Figure 1. Duration of the toxic effects (above) and inhibition of the con-
version of exogenous folic acid to liver CF (below) after the 
administration of amethopterin, 75 mg / kg. 








0 2 4 6 
HOURS AFTER FOLIC ACID 
I 
Figure 2. Duration of the inhibition of the conversion of folic acid, 25 
mg/kg, to liver CF produced by 25 mg of amethopterin per kg. 
Days after amethopterin: 0 (no amethopterin) 1---1 ; l • ---•; 
2 ·---·; 4 0---0; 7 ~--- ~; 100---0. 
20 PAUL T. CONDIT 
A comparison of the toxicity of amethopterin as measured by the LD5o 
and the duration of inhibition of the folic reductase system in mouse liver 
is reported in Figure 1. One day after a pretreatment dos e of amethop-
terin of 75 mg / kg (about 1/ 4 of the LD50 ) the LD50 of amethopterin was 
greatly reduced. By Day 5, however, it had completely recovered and 
by Day 7 was considerably higher than the control animals on Day 0. In 
the lower part of the figure measurements of folic reducta se activity 
after the same dose of amethopterin (but given at a different time) indi-
cated that complete recovery was not obtained for 20 days. Thus, there 
was no Qbvious correlation between the duration of the toxic effects of 
this drug and the liver folic reductase system. 
An additional experiment was performed attempting to overcome the 
inhibitory effects of amethopterin by a large dose of exogenous folinic 
(5-formyl-5, 6, 7, 8-tetrahydrofolic acid) (Figure 3). Treatment with 
amethopterin, 1 mg/kg, completely inhibited the reduction of folic acid; 
the addition of folinic acid, 25 mg/ kg, one day after amethopterin had no 
effect upon the drug inhibition. Therefore a dose of folinic acid at least 
25 times larger than the total body stores of the vitamin was unable to 
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Figure 3. Effect of exogenous folinic acid (25 mg / kg) on the inhibition of 
the conversion of exogenous folic acid to liver CF produced 
by amethopterin 1 mg / kg. 1---t no treatment ; 0---0 folinic 
acid 25 mg / kg on Day 1; .&.---.&. amethopterin 1 mg / kg on Day 
O; ba.---ba. amethopterin 1 mg / kg on Day 0, folinic acid 25 mg / 
kg on Day 1. 
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Discussion 
The duration of the inhibitory effects of amethopterin upon the con-
version of exogenous folic acid to liver CF was considerably long er than 
anticipated. The results would indicate that the duration of the effects 
may not vary directly with the dose. Dos es of 10, 75, and 125 mg / k g all 
showed recovery in about 3 weeks, while the others (except for 0. 05 
mg/kg) were at least longer than 10 days. Other tissues (kidney, gut) 
appeared to be similar to liver in that folic reductase was inhibited for a 
considerable period (longer than one week) by a small dose (1 / 500 of the 
LD50 ) of amethopterin. The duration of the toxic effects was much 
shorter, with recovery from 1/ 4 of the LD50 dose being complete in 
5 days. An identical duration of toxicity has been r eport e d after com-
parable doses of aminopterin (Goldin, 1956). 
These observations, together with the finding that the enzyme can be 
inhibited in vivo by extremely small amounts of the drug (Condit, 1961), 
suggest that in the mouse the inhibition of folic reductase is a relatively 
minor effect of the folic acid antagonists, and that ther e must b e some 
additional site of action to account for the toxic effects observed. At-
tempts to explain the toxic ity of these drugs solely on the basis of inhibi-
tion of folic reductase are not compatible with the available evidence 
(Werkheis er, 1962). 
Goldin has shown in the mouse that there are two effects of the folic 
acid antagonists: the first, the noncompetitive inhibition of the reduction 
of folic acid to CF; the second, the competitive inhibition of the further 
utilization of CF (Goldin~~·, 1950b). The existenc e of a second site 
of action was suggested by the following evidence. If fo linic acid were 
the product of the only inhibited reaction, it should exhibit a noncompeti-
tive relationship to the antagonist; i.e., a biologically effective dos e of 
folinic acid should afford comple t e protection against the toxicity of any 
dose of amethopterin (or aminopterin). Since folinic acid has been shown 
to have a competitive relationship to aminopterin in both mice (Goldin ~ 
~1., 1950b) and Pediococ cus cerevisiae (Broquist ~t ~1., 1950), it does 
not fulfill the above condition and some additional site of action must 
exist. 
The other observation, that a large dose of folinic acid in vivo was 
unable to displac e the drug from the inhibited enzyme and thus recover 
enzyme activity is of interest because of Werkheiser's findings in vitro 
(1961). He reported that with folic reductase inhibited by aminopterin, 
the inhibitor could be removed by dialysis against unphysiologic concen-
trations of folic acid with recovery of enzyme activity. The failure to 
remove bound drug in vivo may have been due to the much lower concen-
trations of folinic acid achieved. 
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THE NUTRITION OF A VIAN LACTOBACILLUS BIFIDUS 
David Hendlin, Patric L. Williams, 
Jeanne C. Wall and Robert B. Walton 
Merck Sharp & Dahme R esearch Laboratori e s 
Division of Merck & Co., Inc., Rahway, N ew Jersey 
SUMMARY . The nutr ition of Lactobac il l us bifidus of av-
ian origin has been e stablish e d so tha t it c an now be 
g r o w n i n a c h e m i c a 1 1 y - d e f i n e d m e di u m . T h e u n i d e n t i -
fied factors in fish solubles r e quir e d by this organism 
have be e n identified. One factor, found in acid hydroly-
sates of casein, has be e n shown to b e an arginyl p e p-
tide. Th e other factor is replaceable by pant e th e ine 
and to a Lesser ext e nt by its disulfid e analogue, pant e -
thine. Coenzyme A can substit u te for panteth e in e , but 
is of a very low order of activity. 
V eltr e , Shorb and Pelczar (1953) reported that freshly isolated avian 
strains of Lactobacillus bifidus required an unidentified factor for growth. 
The unidentifi e d factor was found in a variety of natural substanc e s in-
cluding fish solubles, yeast extract and beef extract. Studies conducted 
independently in our laboratories and by Huhtane n (1955) demonstrated 
that casein hydrolysates plus pantethe ine were capable of supporting op-
timal growth of -avian k_. bifidus. We have found that the requirement 
for casein hydrolysate could be replaced by arginyl peptides. Thus, 
avian ~· bifidus can now be grown in a che mically-defined medium. The 
present paper describes in detail th e studies which led to the elucidation 
of the pantetheine and ar ginyl peptide requirements of L. bifidus. A 
preliminary account has b een published (Hendlin ~ '!.!:·, l 9S5)-.---
METHODS 
Medium. In the early experiments the basal medium of Shorb and 
Veltre (1954) was employed with one modification. The leve 1 of ascorbic 
acid used by us was 3. 35 g per lite r of medium. In later studies the 
above medium was modified by replacing the Casamino Acids 1 with an 
amino acid mixture gene rally employed in amino acid as says (Stokes et 
~l., 1946) and by the addition p e r liter of medium of the following: pyri-: 
doxamine, 1 mg; pyridoxal, 100 µg; cyanocobalamin, 1 µg; Tween 80 
(sorbitan monooleate), 50 mg; Ca(N03)z• 4H20, 250 mg. 
1 Casamino acids is acid hydrolyzed casein prepared by Difeo Labora-
tories. 
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Culture. The original culture of _!:. bifidus was obtained from Dr. 
Mary Shorb and was maintained in an agar stab (basal medium + 1. 5 % 
Phytone z + 1. 5% agar). 
Inoculmn was grown in maintenance medium minus agar. After 24 
hours' incubation at 37°C, the broth was centrifuged and the cells were 
washed twice with sterile physiologi cal saline and resuspended in saline 
to g!ve a reading of 60% transmission in the Lumetron colorimeter fitted 
with a 660 mµ filter. Each as say tube was inoculated with 0. 05 ml of the 
above inoculum. 
Conditions. Growth studies were carried out in 22 x 1 75 mm test 
tubes containing a total volume of 10 ml. Samples were adde d to each 
tube and the volume brought to 5 ml by addition of the appropriate amount 
of distilled water. The volume was then brought to 10 ml by adding 5 ml 
of double strength basal medium. The tubes were plugged with non-
absorbent cotton and sterilized by autoclaving at 120°C for 15 minutes. 
After inoculation, the tubes were incubated at 37°C for 65 to 72 hours at 
which time growth was estimated by titrating the Lactic acid formed with 
0. 05N NaOH using bromthymol blue as indicator. 
Paper Chromatography. Concentrates were spotte d on Whatman No. l 
paper and the paper developed (descending) in a n n-butanol:acetic acid: 
water system (4:2.8 :1). After overnight development, the strips were 
dried, cut into one-inch segments, and each segme nt e luted with water. 
The water eluates were tested for bioactivity and the Rf values calcu-
lated. 
RESULTS 
Initial experiments carried out by us confirmed the findings of Veltre, 
Shorb and Pelczar (1953). We observed that .!:· bifidus grew well in a 
casein hydrolysate medium which was supplemented with materials such 
as: fish solubles, yeast extract and liver paste. Generally, 5-10 mg of 
a fish solubles preparation (hot water extract) was capab Le of supporting 
half-maximal growth. In order to employ a chemically-defined medium, 
we used the amino acid medium described under methods. In such a 
medium much more fish solubles was required than in the casein hydroly-
sate medium. Whereas 5 mg of fish solubles was capable of supporting 
half-maximal growth in casein hydrolysate medium, 25 mg was required 
for equivalent growth in the amino acid medium (Table 1). This differ-
ence in activity was '.not unique to fish solubles, but was observed with 
several active substances (Table 1 ). These obs ervations with the two 
media indicated that crude source rnate'rials such as fish solubles, con-
tained at least two factors essential for growth of.!:· bifidus and that one 
of these was present in casein hydrolysate. It was possible also that 
poorer growth in amino acid medium might have been due to amino acid 
imbalance (Bricks on ~ ~·, , 1948) or. to. the lack of an inorganic com-
ponent of casein hydrolysate. These possibilities were eliminated by 
demonstrating that simulated casein hydrolysate prepared from L amino 
acids gave identical results to those obtained with amino acid medium. 
z Phytone is a papain digest of soy meal prepared by Baltimore Biologi-
cal Laboratories. 
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Table 1 e Response of _!:. bifidus to organic supplements in casein 
hydrolysate and in amino acid media. 
Half-maximal growth 
(mg/ 10 ml} Ratio: 
25 
Source Ca"sein Amino Amino acid 
material hydrolysate acid hydrolysate 
Fish solubles 5.2 25 4.8 
NFz liver 11 45 4. 1 
NF z liver fraction 1. 4 > 5 > 3. 6 
N-Z-amine ':< 13 56 4.3 
>:< Enzymatic digest of casein manufactured by Sheffield Company. 
Furthermore, ashed preparations of casein hydrolysate and fish solubles 
were inactive. 
Further support that two factors were required was obtained in ex-
periments with a phenol-soluble fraction from NF z liver. This fraction 
of liver showed a marked difference in activity in the two basal media. 
In the casein hydrolysate medium half-maximal growth was obtained with 
1. 4 mg / l 0 ml, whereas mo re than 10 mg of the liver fraction per 10 ml 
of medium was required for equivalent ·growth in the simulated casein 
hydrolysate and amino acid medium {Fig. l). Thus, the liver fraction 
appeared to be relatively rich in one of the factors and poor in the factor 
present in casein hydrolysate. 
Experiments were initiated to study the factor in casein hydro lysate 
required for growth of L. bifidus. For these studies the amino acid 
basal medium supplemented with liver fraction (2. 5 mg/ l 0 ml) was used. 
In this medium a reproducible dosage response curve to casein hydroly-
sate was obtained {Fig. 2). 
The inability of simulated casein hydrolysate and a wide variety of 
vitamins, purines and pyrimidines to replace casein hydrolysate led us 
to suspect that the factor in casein hydro lysate might be a peptide. 
It had been shown previously that peptide requirements in lactic acid 
bacteria could be satisfied by high Levels of constituent amino acids 
{Peters ~ ~l., 1953). For this reason, levels of individual amino acids 
ranging from 1 to 5 mg / ml were tested as substitutes for caseinhydroly-
sate. Arginine at 2. 5 mg / ml completely replaced the casein hydrolysate 
requirement of_!:. bifidus. 
Several arginyl peptides were tested and found to be highly effective 
in replacing casein hydrolysate. About 0.1 to 0. 2 µmoles of arginyl 
peptide/10 ml of medium stipported half-maximal growth of L. bifidus 
(Table 2). Thus, arginylleucine was about 300 times more a~tiv~ 
arginine and casein hydrolysate {Fig. 3). 
To demonstrate the presence of arginyl peptide in casein hydrolysate, 
an active concentrate derived from Casamino Acids was chromatographed 
as described under methods. It was found that the bioactive area gave 
a positive Sakaguchi and ninhydrin reaction and that upon further acid 
hydrolysis this fraction yielded several ninhydrin positive residues. 
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These data confirmed our cone lusion based on experiments with synthetic 
arginyl peptides, that the growth-promoting activity of casein hydroly-
sate was due to arginyl peptide. 
Experiments were then directed to the identification of the second 
factor in fish solubles essential for L. bifidus. The se studies were - ---
carried out in the amino acid basal medium supplemented with arginine 
{50 mg / 10 ml). In such a medium a good response to fish solubles and 
liver fraction was obtained. A large numb er of compounds of known 
biological activity was tested. Of all the compounds tested only pante-
theine replaced fish solubles. As little as 50 mµg pantetheine per 10 ml 
supported almost maximal growth {Fig. 3 ). Pantethine, the disulfide 
analogue, was active also; it was more active when it was · autoclaved 
with the medium. High levels of pantothenic acid alone or in combination 
with thioethanolamine were inactive. Co enzyme A added aseptically 
supported growth of L. bifidus. It was much less active thanpantetheine; 
1. 5 µg / ml of coenzy;;::;_e A was required for optimal growth. 
DISCUSSION 
Many microorganisms, especially lactic acid bacteria, have been 
reported to requir e peptides for growth. Of particular interest to our 
work was the requirement of a group D Streptococcus for high Levels of 
arginine for growth {Gale, 1945). Salmine, a rich source of arginine 
peptide, was much mo re efficiently utilized by the micro organism, being 
about 20 times more active than free arginine. The large arginine re-
quirement was ascribed to the high arginine dihydro lase activity of the 
microorganism {Gale, 1945). Thus, the rapid degradation of an essen-
tial amino acid made for a .high requirement. Supplying the amino acid 
as a peptide, which presumably was uneffected by the degradative sys-
tem, accounted for. its high activity in supporting growth. A similar 
requirement for tyrosine peptides has been reported in Streptococcus 
faecalis {Kihara ~ "!!·, 1952). 
It is more than likely that the requirement for arginyl peptides by 
_b. bifidus is another example of the above mechanism for peptide re-
quirement. The fact that the group D Streptococcus produced optimal 
growth on 1 mg / ml arginine whereas .'!::!.· bifidus required 5 mg / ml argin-
ine may be a reflection of the differences in arginine dihydrolase activity 
present in the two microorganisms. 
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Figure 2. Response of~· bifidus to casein hydrolysate, arginine and 
arginyl leucine in amino acid basal medium supplemented 
with 0. 5 mg / ml liver concentrate. 
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Figure 3. Response of L. bifidus to pantetheine and fish solubles in the 
amino acid b;;al medium supplemented with 5 mg / ml arginine. 
Several lactic acid bacteria are known to require pantetheine for 
growth. ~ · bifidus is one more organism to be added to the list. With 
some pantetheine requirers, high levels of pantothenic acid are capable 
of supporting optimal growth. Suc h is not the case with ~· bifidus; pan-
tothenic acid alone or in combination with thioethanolamine was unable 
to support growth. Apparently, ~· bifidus lacks the enzyme system re-
quired to convert pantothenic acid to pantetheine. 
Pantethine, the oxidized form of the vitamin, was significantly less 
active than th e reduced vitamin. Pantethine activity was enhanced by 
autoclaving it with the m e dium. In this respect L. bifidus is similar to 
Acetobacter suboxydans in its nutrition {Brown ~d Snell, 1954). 
As with many other pantothenic acid-dependent microorganisms, co-
enzyme A supported growth of L. bifidus, but the coenzyme showed only 
about 0. 5% the activity of pant~theine on a pantetheine content basis 
(Craig and Snell, 1951 ). The low activity of the coenzyme is probably 
due to its inability to penetrate the ce 11. Thus, as with Propionibacterium 
freudenreichii it is most likely hydrolyzed to pantetheine by an extra-
cellular enzyme,and this accounts for its activity {Moat and Delwiche, 
1950). 
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The a mino acid basal medium when suppleme nte d with arginine pep-
tide and pantetheine supported only about 80% of the growth obtained with 
fish solubles supplementation. This difference in growth stimulation 
may be due to amino acid i mbalance in the a mino acid medium which is 
counteracted by crude mate rials such as fish solubles. On the other 
hand, fi sh solubles may c on tain an additional factor stimulatory for f:i. 
bifidus. 
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THE ACTIVITY OF AN ALKALINE PROTEINASE FROM 
ASPERGILLUS ORYZAE TOWARD SYNTHETIC SUBSTRA TES
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Iowa City, Iowa 
SUMMARY . A proteolytic enzyme preparatio n which is 
d eri ved from Aspergillus oryzae and which is active 
in the alkaline pH range was studied to gain informa-
tion regardin g substrate sp e cificity. In a series of 
experiments the enzy me preparation was t e sted for hy-
drolytic activity toward a variety of compounds includ-
in g short peptides, polyamino acids, acyl amino acid 
e sters, and p-nitrophen y l ac e tate. N-B e nzoyl-argin-
ine methyl e ster, N-ac e tyl-L-t yr osine ethyl ester, N-
ac e tyl-L-phenylalanine ethyl es t e r, and N-acetyl-L-
tryptophan ethyl es ter were hydrolyzed rapidly by the 
en zym e . The nonamino acid e ster, p-nitrophenyl ace-
tat e , was hydrolyzed more slowly than the preceding 
esters by a purified enzyme pr e paration. N-Acetyl-
D-phenylalanine ethyl ester and N-CB Z- g lycine methyl 
e st er w e r e not hydro l y zed. No synthetic sub st rate con-
t a i n in g only peptid e bonds was hydrolyz e d by the en-
zyme. These included substrates towards which tryp-
sin, chymotrypsin, pepsin, aminopeptidas e , and car-
boxypeptidase show activity. 
INTRODUCTION 
Molds of the genu s Asp e rgillus produce proteolytic enzymes in quan-
tities large enough to make them commercially useful. These include 
proteinases which have optimum activity in acidic, neutral, and alkaline 
pH ranges. Activity in e ach of these ranges appears to be the function 
of a separa_te enzyme or group of enzymes. These are referred to as 
acid, neu-tral, and alkalin e proteinases. A proteolyti c enzyme which is 
optimally active in the alkaline range is the major proteinase in suitably 
grown cultures of Aspergillus oryzae {Hagihara, 1960). 
1 This work is taken in part from a thesis submitted to the Graduate 
- College of the University of Iowa by D.S. Longnecker in partial fulfil-
, •ment of the requirements for the Master of Science degree, June, l 962. 
·· It was supported in part by a grant from the National Science Founda-
. tion {NSF-G-12341). Dr. Longnecker was supported by USPHS pathol-
ogy Training Grant (2G-l 68"). 
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Purification and characterization of an alkaline proteinase from a 
crude commercial proteolytic enzyme preparation derived from Asper-
gillis oryzae has been the subject of investigation by Kalnitsky and 
Friedman (1961). The crude proteinase was purified by dialysis, ace-
tone precipitation, and treatment with ecteola-cellulose. The resultant 
material had a nitrogen content of 12.1%, was stable at pH values of 5-8 
at 23°C, and exhibited a broad pH optimum between 7.5 and 10.4 with 
casein as substrate. The enzyme was inhibited by 6. 6 mM concentra-
tions of Mn++, Mg++, co++, zn++, cu++ and Hg++ in increasing order of 
inhibition. Versene (0. 03 M) strongly inhibited, but activity was not 
inhibited by iodoacetate or p-hydroxyme rcuribenzoate. The enzyme 
contained no thiol as determined by amperometric titration. Protea lytic 
activity was completely inhibited by 0. 01 M diisopropylfluo rophosphate 
and by exposure for 24 hours to 8 M urea or 2 M LiBr. Further purifi-
cation with ammonium sulfate and fractionation with Sephadex G-75 
separated an inactive protein impurity and a slight amount of brown pig-
ment, leaving one active component which appeared to be homogeneous 
on paper electrophoresis and in the ultracentrifuge. The isoelectric 
point was reported to be approximately 7. 0. The absorption peak in 
the ultraviolet range was not typical of a tyrosine-containing protein. 
The enzyme digested casein, fibrinogen, and bovine serum albumiri in 
decreasing order of effectiveness and also readily digested ribonuclease. 
The studies reported in this paper were undertaken in an effort to 
characterize an alkaline proteinase preparation obtained from Asper-
gillus oryzae with reference to its sub st rate specificity by testing for 
activity toward a variety of synthetic compounds. 
EXPERIMENTAL 
The enzyme used was either the commercial preparation (Takamine 
Fungal Protease Concentrate, batch number 8414) obtained from Miles 
Chemical Company, Clifton, New Jersey, or a purified derivative of this 
product. The crude preparation contained 4. 2% nitrogen. The purifica-
tion pr6cess was carried out according to _Kalnitsky (unpublished work) 
as follows: Ten grams of the crude preparation were dissolved in 50 ml 
of water and any undissolved material was removed by centrifugation. 
The supernatant was dialyzed in cellulose tubing against distilled water 
for 24-36 hours at 2-5°C. The dialyzed enzyme solution was diluted to 
400 ml with water and 5 gm Ecteola-cellulose (Peterson and Sober, 1956) 
(previously washed with NaCl solution) was added and well mixed. The 
mixture was adjusted to pH 6 with 1 N HCl (or NaOH) and stirred at 
2·5°C for 20 minutes. The Ecteola-cellulose was removed by filtration 
through a Buchner funnel using very low suction to prevent foaming. 
The filtrate was mixed with 2. 5 gm Ecteola-cellulose and adjusted to 
pH 6, stirred for 20 minutes in the cold, and filtered as before. The 
filtrate was then dialyzed again in the cold against distilled water. Par-
ticulate material was removed by centrifugation and the solution of en-
zyme lyophilized. Portions of the lyophilized product weighing 10-50 mg 
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were fractionated by gel filtration using Sephadex G-50 and elution with 
distilled water in the cold. Two ml fractions were collected and ana-
lyzed for protein and proteolytic activity with casein as substrate. This 
step resulted in separation of the active fraction from two minor protein 
peaks which showed no activity toward casein. The active peak was 
lyophilized and was the purified preparation used in a portion of these 
experiments. The possibility that these preparations contained more 
than one proteolytic enzyme, or separable proteinase and esterase ac-
tivity has not been excluded. 
In the purification of the enzyme, proteolytic activity of the eluate 
from Sephadex was assayed with casein as substrate hv"' modification of 
the method of Kunitz (Laskowski, 1955). Aliquots of the e nzyme solution 
were diluted to 1 ml with water. To each tube was added 1 ml of 1% 
casein solution in 0. 05 M phosphate buffer at pH 7. 2 and the mixture was 
incubated for 30 minutes at 37°C. Undigested casein was precipitated 
with 3 ml of 5% tricloracetic acid and the tubes were stored at 4"C for 
10 minutes before centrifugation at 3000 rpm for 20 minutes at 4°C. The 
supernatant was filtered through glass wool and the optical density de-
termined at 280 millimicrons with a Beckman DU spectrophotometer. 
The protein content of the eluate was determined by the method of Lowry 
et al. (1951). Nitrogen content was determined by the method of McKen-
;ie-and Wallace (1954). 
The amount of the enzyme preparations to be used in th e e xperiments 
was determined by finding the amount required to achieve a controlled 
rate of digestion of 0. 5% casein solution in the pH-stat under the condi-
tions used to test for hydrolysis of the synthetic substrates. When the 
crude preparation was used, a concentration of 0. 4 µg enzyme-prepara-
tion-N per ml in the incubation mixture was sufficient to demonstrate 
hydrolysis of casein. Similar concentrations of enzyme nitrogen were 
effective when the purified preparation was used. Whenever there ap-
peared to be no hydrolysis of a compound in the presence of the above 
enzyme concentration, then the enzyme concentration was increased by 
at least two-fold. The crude and purified preparations were stored 
frozen in aqueous stock solutions of 1 and 0. 6 mg/ml, respectively. 
Synthetic Substrates 
The synthetic sub st rates consisted of a variety of short chain synthetic 
peptides, amino acid esters, polyamino acids, and p-nitrophenyl acetate. 
In many of the peptides and amino acid esters the amino group was 
blocked. All of the substrates were obtained from commercial sources 
(see Tab le I) and were used without further purification. The poly-L-
glutamic acid, poly-L-lysine, and poly-L-proline were supplied from 
Mann Research Laboratories Kit number 405 and the molecular weights 
were designated as 50, 000, 300, 000, and 80, 000, respectively. The 
substrates were dissolved in 0. 01 M phosphate buffer, and the concen-
trations used are given in Tab le I. In a few cases in which the amino 
group had been blocked, the substrates were of low solubility and the 
desired concentration was not attained. In these cases the incubation 
was performed with a suspension. 
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Table I 
SUMMARY OF TESTS FOR HYDROLYSIS OF SYNTHETIC COMPOUNDS 
NaOH uptake Duration Compound** 
Compound µmole/mino Enzyme* pH mino Conco Source 
Leucyl-glycine 0 lolC 7o5 26 0.02 M f 
L-Leucyl-glycyl-glycine 0 2.lc 7o5 42 0.02 M b 
Glycyl-glycyl-glycine 0 2.7c 7o5 18 0.02 M c 
Glycyl-L-leucyl-L-
tyrosine 0 2.5p 708 20 0.01 M b 
N-Benzoyl-L-tyrosyl-
glycinamide 0 2.lc 7.6 50 0.01 M b 
N-CBZ-glycyl-L -
phenylalanine 0 0.4c 8.9 45 0.02 M b 
N-CBZ-glycyl-L-
phenylalanine amide 0 s.sc Sol 8 sat. b 
N-CBZ-L-phenylalanyl-
glycinamide 0 4.,2c s .. o 21 sato a 
N-CBZ-~-L-glutamyl-
L-tyrosine 0 Llc 7.6 30 Oo03 M b 
Glutathione 0 2.7c 7.5 13 0 .. 02 M b 
N-Benzoyl-L-argini-ne 
amide 0 lolC 7.6 48 0.02 M e 
Poly-L-lysine 0 2.6c 7.5 13 Oo5 % b 
Poly-L-glutamic acid 0 4.2c 708 26 0.5 % b 
Poly-L-proline 0 5o3C 708 15 Oo5 % b 
N-Benzoyl-arginine 
methyl ester 0.62 0.4c 7.5 13 0 0 02 M b 
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Table I (continued) 
NaOH uptake Duration Compound* 
Com:eound l:!:moleLmino Enzi'.!!!e* EH mino Conco Sour 
N-Acetyl-L-tyrosine 
ethyl ester 0.78 8o8C 7o0 15 Oo02 M 
N-Acetyl-L-phenylalanine 
ethyl ester Oo21 l.lc 7o9 10 Oo02 M 
N-Acetyl-L-tryptophan 
ethyl ester 0.19 l.lc 804 10 sat. 
N-Acetyl-D-phenylalanine 
ethyl ester 0 5o3C 8.0 13 sat. 
N-CBZ-glycine methyl 
ester 0 0.6p 7.8 15 OoOl M 
p-Nitrophenyl acetate 0.43 5.4c 7.6 14 sat. 
* Approximate concentration of alkaline proteinase enzyme-
preparation-N µg per ml. in the enzyine-substrate mixture 
(volume 4-5 ml.); "c" denoted crude preparation and "p" 
purified preparation. Incubations were at 30°Co 
** The concentration of substrate compounds is given in M or 
per cent (w/v} o "Sat." denotes a suspension with a con-
centration of less than Oo02 M0 
The compounds were from the following sources: 
a. Cyclo Chemical Corpo, Los Angeles 1, Calif. 
b. Mann Research Laboratories, New York 6, N. Y. 
c. Nutritional Biochemicals Corp., Cleveland 28, Ohio 
d. Schwarz Bioresearch, Inc., Mto Vernon, N. Y. 
e. Sigma Chemical Co., St. Louis 18, Moo 
f. Manufacturer unknown (Hydrolysis and paper chroma-
tography of this compound indicated that leucine and 
glycine were present in equimolar amounts while no 
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Assay of Synthetic Sub st rate Hydrolysis 
A pH-stat and recorder (Titrator, Type TTTla, and Titrigraph, Type 
SBR2C, Radiometer, Copenhagen) were used in detection of hydrolysis 
of the substrates. The mixtures of enzyme and substrate (4-5 ml) was 
incubated in the reaction chamber of the pH-stat at pH 7 or above, usu-
ally about pH 7. 8, at 30 ° C in a N 2 atmosphere. Carboxyl groups re-
leased as a result of hydrolysis of the peptide or ester linkages were 
titrated with 0. 024 N NaOH to maintain a constant pH. The uptake of 
base per unit of time was plotted by the recorder and reflected the rate 
of hydrolysis. Such uptake was compared with a baseline established 
with the substrate solution before addition of enzyme. With susceptible 
substrates, such as casein and N-acetyl-L-tyrosine ethyl ester, hydro-
lysis was readily evident within a minute after addition of enzyme and 
continued for several hours. Thus a reaction rate for a susceptible 
substrat e could be established in a period of 5-10 minutes. In the case 
of substrates in which there was no evidence of breakdown, the incuba-
tion was usually continued for longer than ten minutes. 
After an initial screening, several esters were studied under more 
uniform conditions so that their rates of hydrolysis could be compared. 
In this series of experiments, which are reported in Table II, the sub-
strat e concentration was 0. 01 M, the pH was 7. 8, the temperature was 
30°C, and the amount of purified enzyme (0.025 mg) was the same in all 
incubations. Four ml of substrate solution were used and there was 
estimated to be 0. 6 µg of enzyme-N/ ml in the incubation mixture. The 
rate of NaOH uptake reported in Table II is the average of two determi-
nations. 
RESULTS 
The results of studies with possible synthetic substrates are sum-
marized in Table I. Several esters were hydrolyzed at rates compara-
ble to that evidenced with casein, but no compound containing only pep-
tide bonds was hydrolyzed at a comparable rate. 
The fact that N-acetyl-L-phenylalanine ethyl ester was hydrolyzed 
while the D-analog was not supplies evidence of stereo-specificity in the 
enzyme. Esters of arginine, tyrosine, phenylalanine, and tryptophan 
were hydrolyzed at different rates indicating that there is some degree 
of varying side chain specificity toward these esters. Of those tested, 
N-benzoyl-arginine methyl ester appeared to be mo st susceptible to hy-
drolysis by the enzyme whereas N-carbobenzoxy-glycine methyl ester* 
was not hydrolyzed. p-Nitrophenyl acetate appeared to be more rapidly 
hydrolyzed by the crude commercial enzyme preparation than by the 
purified pre para ti on. 
DISCUSSION 
In the search for possible synthetic substrates, several compounds 
which are hydrolyz e d by other proteolytic enzymes were chosen so that 
>:< The carbobenzoxy group will subsequently be abbreviated as CB .Z. 
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Table II 
RELATIVE RATES OF HYDROLYSIS OF ESTERS BY ALKALINE PROTEINASE 
Substrate 
N-Benzoyl-arginine methyl ester 
N-Acetyl-L-tyrosine ethyl ester 
N-Acetyl-L-phenylalanine ethyl ester 
N-Acetyl-L-tryptophan ethyl ester 










For conditions see text. For substrate source see Table I. 
it might be determined if the proteinase under study was "trypsin-like" 
or "chymotrypsin-like" or perhaps similar in specificity to some other 
known proteinase. Whereas trypsin showed activity toward both N-
benzoyl-arginine methyl ester and poly-L-lysine, alkaline proteinase 
acted only on the former. Chymotrypsin hydrolyzed N-benzoyl-L-tyrosyl-
glycinamide and N-acetyl-L-tyrosine ethyl ester while alkaline protein-
ase attacked only the latter and also failed to hydrolyze N-CB Z-L-phenyl-
alanyl-glycinamide which is a chymotrypsin substrate. The pepsin sub-
strate, N-CBZ-L-glutamyl-L-tyrosine, was not hydrolyzed nor were L-
leucyl-glycyl-glycine, leucyl-glycine and N-CBZ-glycyl-L-phenylalanine 
which are substrates for aminopeptidases and carboxypeptidase. Thus, 
while none of the synthetic substrates was found to contain a peptide bond 
toward which alkaline proteinase was active, these studies do indicate 
that the proteinase under study does not have a very broad specificity 
and differs in specificity from several better known proteinases and 
peptidases. 
Four amino acid esters were hydrolyzed by alkalineproteinase. Three 
of these were esters of aromatic amino acids and might be regarded as 
a closely similar group (the ethyl esters of N-acetyl-L-tyrosine, -phenyl-
alanine, and -tryptophan). The hydrolysis of N-benzoyl-arginine methyl 
ester indicates that the enzyme does not require an aromatic side chain 
for activity. 
The question arises as to whether the hydrolysis of these amino acid 
esters represents cleavage of the ester linkage or the peptide bond be-
tween the blocking group and the amino group. It may be pointed out that 
N-benzoyl-L-arginine amide and N -benzoyl-L-tyrosyl-glycinamide we re 
not hydrolyzed in the presence of the enzyme while N-benzoyl-arginine 
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methyl ester was rapidly hydrolyzed. This indirect evidence st·rongly 
suggests that the ester bond was the site of cleavage. 
Failure to find evidence of hydrolysis of N-CB Z-glycine methyl ester 
may be a reflection of stereospecificity; however, since it was the only 
N-carbobenzoyl amino acid ester examined, interference by the carbo-
benzoyl group must be considered as a possible explanation for failure 
of enzyme activity. No esters of acidic or neutral nonaromatic L amino 
acids were examined. 
The present study does not exclude the possibility that synthetic sub-
strates may contain amide bonds which are hydrolyzed by alkaline pro-
teinase. Several amides were studied as possible substrates using the 
pH-stat method, but no evidence of hydrolysis was detected. After pre-
liminary studies with trypsin and benzoyl-arginine amide it was con-
cluded that this method, as used, was unsuitable for detection of hydrol-
ysis of the amide bond. Detection of hydrolysis of amides is not one of 
the suggested practical applications of the pH-stat (Jacobsen ~ ~l. , 
1957). 
The pH-stat method which was used in these studies was designed to 
detect hydrolysis of bonds at a rate comparab Le to that observed when 
proteinase was incubated with a susceptible protein or ester substrate. 
Hydrolysis of ester or peptide bonds at rates of only a few per cent of 
this order of magnitude would very probably be undetected during the 
relatively short incubations used. Thus any compound reported in Tables 
I and II as showing no uptake of base could in reality be undergoing very 
slow hydrolysis which might be detected in a system involving prolonged 
incubations. 
The low solubility of some of the compounds posed another incom-
pletely resolved problem. In cases in which solution of the substrate 
was incomplete and the concentration was unknown, the possibility that 
low substrate concentration was the limiting factor rather than enzyme 
specificity has not been excluded. The method was sufficiently sensitive 
to detect hydrolysis of two relatively insoluble compounds, i.e. N-ac e tyl-
L-tryptophan ethyl ester and p-nitrophenyl acetate. It should b e added 
that although N-acetyl-D-phenylalanine ethyl ester is listed in Table I as 
less than 0. 02 M because of insolubility, solution of the substrate ap-
peared to be nearly complete and the concentration was probably only 
slightly less than 0. 02 M. Failure of hydrolysis of this compound cannot 
be attributed to insolubility. 
The possibility that the enzyme preparations used in these experi-
ments contain more than one enzyme Limits the conclusions which can be 
drawn. It is probably safe to assume that if the commercial enzyme 
preparation did not show activity toward a compound then no purified 
derivative will show this activity. On the other hand there is no strict 
assurance that amino acid esterase activity and prote olytic activity are 
functions of one and the same enzyme. The fact that several amino acid 
esters were hydrolyzed by purified enzyme at a rate distinctly greater 
than that for the nonamino-acid-ester, p-nitrophenyl acetate, suggests 
that this activity may be relatively specific toward amino acid esters. 
Crewther and Lennox {1953) and Gillespie and Woods {1953) have in-
dicated that an esterase which is active toward p-nitrophenyl acetate 
can be separated from the main proteinase of Aspergillus oryzae. The 
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relative activity of commercial and purified enzyme preparations toward 
this compound in the present study {compare Tables I and II) suggests 
that such esterase may have been partially removed by the purification 
procedure . 
Results of the present studies may be compared with reports in the 
literature which give information regarding the specificity of alkaline 
proteinase from Aspergillus oryzae. However, since mo st proteinase 
preparations have not been well characterized there is a question re-
garding whether the enzymes in various preparations are identical. Dif-
fer e nces between proteinase preparations may be the result of varying 
methods of purification, or due to the fact that various strains of the 
mold produce dis similar proteinases. Stefanini and Marin {195 8) found 
that only two of six strains of Aspergillus oryzae which were grown in 
the same media produced enzymes which lysed human fibrin, and only 
one of these two digested egg albumin {the pH at which digestions were 
done was not stated). It has also been found that the absolute and rela-
tive amounts of acid, neutral, and alkaline proteinase differ depending 
upon the species and cultural methods {Hagihara, 1960; Nakanishi, 1959). 
Nakanishi {1960) reports that the alkaline proteinase of Aspergillus 
oryzae {200 µg / ml) hydrolyzed no benzoyl-arginine amide (0. 0 3 M) in 
24 hours at 30 °C, pH 8. Yoshida and Nagasawa {1956) report that a 
purified preparation including the neutral and alkaline proteinase s of 
this mold hydrolyzed 13. 7% of the a.-benzoyl-L-arginine amide in a 0. 03 
M solution at pH 6. 5 in 18 hours when the enzyme concentration was 
10 mg protein-N p er ml. They also indicate that, at the same substrate 
concentration and pH, 3. 2% of CB Z-L-glutamyl-L-tyrosine was hydro-
lyzed in 24 hours in the presence of 1 mg enzyme protein-N per ml. 
This represents a very low degree of hydrolysis of these substrates in 
view of the large amounts of enzyme used. The pH which was used (6. 5) 
would favor activity of neutral proteinase. 
Stefanini and co-workers {1959) report that a proteolytic enzyme de-
rived from Aspergillus oryzae which has a pH optimum of 7. 6 has acti-
vity toward tosyl-arginine methyl es ter and benzoyl-arginine methyl 
ester comparable to its activity toward casein, denatured hemoglobin, 
and egg albumin. 
Berger, Johnson, and Peterson {1937) reported that extracts of ~· 
oryzae cultures contained a proteinase active toward gelatin which ap-
peared to have a pH optimum between 7 and 8. The crude preparation 
which contained this proteinase was active toward leucyl-glycine, DL-
leucyl-glycyl-glycine, and chloracetyl-L-tyrosine; but the authors re-
garded this activity as an indication that several enzymes were present. 
Crewther and Lennox {1953) have subsequently found a dipeptidase to be 
separable from proteinase activity in an enzyme preparation from this 
mold. This dipeptidsse was active toward leucyl-glycine and leucyl-
glycyl-glycine. The enzyme preparations used in the present study did 
not hydrolyze these two compounds; and although the carboxypeptidase 
substrate, chloracetyl-L-tyrosine, was not tested, a similar compound, 
CB Z-L-glutamyl-L-tyrosine was not hydrolyzed. 
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ISOLATION AND PROPERTIES OF 5-METHYLTETRAHYDROFOLATE 
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Bethesda, Maryland 
SUMMARY. A method for purification and isolation of 
Prefolic A (5-methyltetrahydrofolate) is described. 
Some of the physical and chemical properties are given .. 
The existence of a new form of naturally occurring folic acid, 5-
methyltetrahydrofolate-previously called prefolic A-was demonstrated 
previously (Donaldson and Keresztesy, 1959). 5-Methyltetrahydrofolate 
has been isolated now in essentially pure form from horse liver. The 
final purification procedures and some of the properties of the isolated 
product are detailed here. 
Methods: Preparations were assayed for microbiological activity by 
two methods which give the same results within the limits of error for 
such microbiological assay procedures. One involved enzymatic oxida-
tion of 5-methyltetrahydrofo late to methylenetetrahydrofo late and then 
assayed with the test organism, Pediococcus cerevisiae. In the second 
method activity was measured directly without enzymatic pretreatment 
using the so-called aseptic assay method with Lactobacillus casei as test 
organism (Donaldson and Keresztesy, 1962). 
The activities are given in terms of citrovorum factor which was stan-
dardized against a highly purified sample of pteroylglutamic acid. Potency 
determinations of solutions are reported as µg of citrovorum factor acti-
vity per mg of total solids, determined as dry weight after heating at 
105 ° overnight. 
Isolation and Properties: Eluate fractions from 16 alumina columns, 
previously described (Donaldson and Keresztesy, 1959) were accumulated 
and stored frozen after assay and determination of potency. Fractions 
were selected with potencies greater than 20 µg / mg total solids. After 
thawing the combined batch was found to contain 1. 74 g of activity. The 
pH was approximately 9. 0. It was then frozen in trays and dried in high 
vacuum in a Stoker drier overnight. The dried product was extracted 
five times with methanol at room temperature. The volume of the com-
bined extracts was 1000 ml. This methanol solution was then converted 
to an aqueous solution by concentration under reduced pressure (T < 20°) 
after the addition of water and ammonia to pH 9. The concentrate, 100 
ml, was freed of water-insoluble barium salts by the addition of excess 
barium chloride at 0°. Barium hydroxide was used to maintain the pH 
8. 5 to 9. After two water washes the barium precipitate was discarded. 
The combined water-soluble fractions were precipitated by the addition 
of 2. 5 volumes of ethanol and then chilled overnight at 4°. 
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After testing the completeness of precipitation with barium chloride, 
the precipitate was washed with methanol and acetone, followed by filtra-
tion as an acetone suspension and dried in vacuum at room temperature. 
The dried material weighed 20. 5 g and had a potency of 79 µg / mg. The 
recovery from the combined chromatogram fractions was 73%. 
Five grams of this crude barium salt were extracted with 20 ml 10% 
Na 2HP04 at room temperature. The precipitated barium phosphate was 
washed twice with 5 ml portions of 1 Oo/o Na2HP04 • The combined extracts 
were promptly chromatographed on a 60 g DEAE-cellulose column 1 
(Keresztezy and Donaldson, 1961) prepared in 1 Oo/o Na 2HP04 at room tem-
perature. The column was eluted with 1 Oo/o Na 2 HP04 with an effluent rate 
of 2. 5 ml/minute. Ten ml fractions of the effluent were taken and the 
u. v. absorption spectrum (between 310 mµ and 230 mµ) of each fraction 
was obtained immediately after suitable dilution with water using a Cary 
Recording Spectrophotometer, Model 11 M. 
Pilot experiments had demonstrated that 5-methyltetrahydrofolate was 
characterized by an u. v. absorption spectrum with a maximum at 290 mµ 
and a minimum 245 mµ and the ratio of absorbance at 290 and 230 great-
er than 1. 4. Fractionation with the DEAE-cellulose was fairly sharp; 
repeated chromatography produced no further purification. The 5-
methyltetrahydrofolate band was preceded by several fractions with weak 
absorption. The selected fractions {38 through 52) were combined 
promptly and two and a half volumes of chilled (-10°) methanol and 1 ml 
of f3-mercaptoethanol were added. After several hours at 0 ° the precipi-
tated sodium phosphate was separated by filtration, washed with 80% 
methanol, and discarded. The combined methanol solutions were con-
centrated under reduced pressure (T < 20 °) to a volume of approximately 
40 ml. The concentrate was freed of phosphate with excess barium 
chloride at 0° while the pH was maintained at 7. 5 to 8. 0 by the careful 
additions of barium hydroxide solution. 5-Methyltetrahydrofolate was 
precipitated by the addition of two and a half volumes of ethanol and 
chilling overnight at 0°. The precipitate was collected by centrifugation, 
washed with methanol and acetone, and filtered from an acetone slurry. 
After drying in vacuum at room temperature, the barium salt weighed 
166 mg and had a potency of 650 µg / mg. 
The main supernatant solution was cone entrated under reduced pres-
sure ( <200) to 8 ml and precipitated with four volumes of methanol. 
After standing overnight at 0 ° it was centrifuged, the precipitate washed 
with methanol, and acetone; and filtered from an acetone slurry. After 
drying in vacuum at room temperature it weighed 71 mg and had a potency 
of 540 µg / mg. 
For further purification the two barium salts were combined and ex-
tracted at room temperature three times with 1. 0 ml portions of 1% (v/ v) 
aqueous f3-mercaptoethanol. To the combined extracts 0. 2 ml methanol 
was added to produce a faint permanent turbidity. This was allowed to 
cool to 0° slowly overnight. After centrifuging at 0°, a smear of the 
1 Subsequent experiments indicate that the addition of ascorbic acid (. 5 
ml of a 100 mg/ml solution, pH 6. 5) prior to chromatography is re-
quired for the reduction of any 5-methyldihydrofolate formed by auto-
oxidation of 5-methyltetrahydrofolate at alkaline pH. 
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product showed birefringance with cross ed nicols. It was washed with 
0.5 ml 10% methanol at 0°, followed by methanol and acetone washes. It 
was filtered from an acetone suspension and dried in vacuum at room 
temperature. The product, (20B) amorphous and buff-colored, weighed 
53 mg and had a potency of 750 µg / mg. 
A second crop was obtained by careful addition of methanol to the 
combined main supernatant fraction and the 10% methanol wash. Suffi-
cient methanol was added to produce a turbidity at room tempera ture 
which disappeared on warming by hand. It was slowly cooled to 0° in 
three hours and then centrifuged at -5 °, followed by the usual methanol 
acetone washes and filtration from acetone. After drying in vacuum at 
room temperature the product weighed 87 mg. Its potency was the same 
as -20B. Less pure barium salt fractions were obtained by further 
methanol precipitation of the supernatant solution. 
Glutamic acid analysis of a sample of 20B after acid hydrolysis re-
vealed that the compound contains one mole of glutamate per mole of 
compound. N-methyl group determination gave one mole of N-methyl 
group per mole of compound. These determinations togethe.r with evi-
dence previously furnished (Donaldson and Keresztesy, 1961; Larrabee 
~t ~l., 1961; Sakami and Ukstins, 1961) are consistent with the formula-
tion of 5-methyltetrahydrofolate for the isolated material. 
The ultraviolet absorption spectra in .1 M phosphate buffer pH 7. 0 
and . 1 N HCl are given in Fig. 1. When promptly neutralized the acid 
form immediately reverts to the neutral form with slight loss of biologi-
cal activity. Exposure to . 1 N HCl at 25 ° for 8 minutes and 21 hours 
resulted in loss of · biological activity of 7% and 53%, . respectively. At 
alkaline pH 5-methyltetrahydrofolate is slowly air oxidized to the dihydro-
level (Larrabee ~t ~l., 1961; Donaldson and Keresztesy, 1961). Oxidation 
of 5-methylt etrahydrofolate to 5-methyldihydrofolate by various oxidation 
agents has also been observed . These observations together with the 
properties and characterization of 5-methyldihydrofolate are being re-
ported elsewhere~ 2 
The optical rotation of natural barium 5-methyltetrahydrofolate was 
found to be dextrorotory, [ 25 ° The barium salt of the in-
a.] 589 = + 12.90. 
active isomer-separated fr om the chemically synthesized mixture of 
diastereoisomers, after enzymatic oxidation of the active isomer to 
methylenetetrahydrofolate-was also dextrototory, [ 25° 
P.]s39= +4.0. 
Chemically synthesized 5-methyltetrahydrofolate (Keresztesy and 
Donaldson, 1961; Sakami and Ukstins, 1961).possess properties similar to 
the isolated 5-methyltetrahydrofolate except that the former compound, 
being a mixture of diastereoisomer s, is only 50% as active as the natural 
material. The ethyl - and propyl- analogues of 5-methyltetrahydrofolate 
have been prepared by methods used for the preparation of the methyl-
compound with only slight modification. For preparation of the ethyl-
and propyl- compounds a 10 to 25 molar excess of each aldehyde, with 
respect to tetrahydrofolate, was used and a preincubation period of 30 
minutes was allowed before addition of the borohydride. These analogues, 
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isolated like the methyl derivatives, had similar u.v. spectra and were 
similarly oxidized to the dihydro-level at alkaline pH. However, unlike 
5-methyltetr:ahydrofolate, neither of these compounds were substrates 
for methylenetetrahydrofolate reductase. 
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THE MODE OF ACTION OF THIAMIN DIPHOSPHATE 
IN ACETOIN FORMATION
1 
L. 0. Krampitz 
Western Reserve University 
Cleve land, Ohio 
pp. 45-50 
ABSTRACT. The mode of action of thiamin diphosphate 
wh i ch is a coenzyme for the enzymatic formation of ace-
toin from pyruvate has been elucidated. An a.-hydroxy-
ethyl group substituted at position two of the thiazol.e 
ring of thiamin diphosphate was shown to be the active 
interm e diate d e rived from pyruvate for the formation 
of acetoin. Experim e nts employing the acetoin-forming 
complex obtained from Aerobacter aerogenes and C 14 -
a.-hydroxyethyl thiami n diphosphate demonstrated that 
C
14
-acetoin was formed. C 14 was found . only in the 
ac e tyl group of acetoin as would be expected by the 
mechanism involving a.-hydroxyethyl thiamin diphos-
phate. 
The acetoin forming complex with a.-hydroxyethyl 
thiamin diphosphate and ferricyanide ion formed ace-
tate. The ferricyanide ion served as an artificial elec-
tron acc e ptor oxidizing the a.-hydroxyethyl group to an 
acetyl group which was the precursor of acetate. The 
results establish a.-hydroxyethyl thiam~n diphosphate 
as an i ntermediate in the enzymatic formation of ace-
toin. 
Silverman (1940) and Silverman and Werkman {1941) were the first 
investigators to solubilize the enzymatic complex from Aerobacter ~-
.genes which forms acetoin from pyruvate. ·This classical work aided 
greatly in our understanding of pyruvate metabolism. They established 
that thiamin diphosphate {TDP) was an obligatory coenzyme for the en-
zymatic complex and that free acetaldehyde was not involved in the re-
action. Since free acetaldehyde was not involved they proposed that an 
unknown adduCt of acetaldehyde and TDP resulting from the decarboxyla-
tion of pyruvate, expressed as "active acetaldehyde, 11 somehow mediated 
a condensation which resulted in the formation of acetoin. 
1 This work was performed under Contract No. AT{30-l)-1050 with the 
Division of Biology and Medicine of the Atomic Energy Commission, 
and supported in part by a Public Health Service research grant {Al-
00253} from the Institute of Allergy and Infectious Diseases of the 
Public Health Service. 
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Having been a contemporary graduate student with Milton Silverman 
when the above investigations were performed, I became intrigued with 
the mode of action of TDP. In 1946 at Western Reserve University the 
opportunity to work on this problem became possible. 
The initial problem was to determine the nature of the components 
which were condensed to form acetoin. From the work of Silverman and 
Werkman it was obvious that if an acetaldehyde adduct with TDP were 
involved in a condensation reaction for the formation of acetoin, the 
acceptor compound would be some compound other than free acetalde-
hyde. Inasmuch as pyruvate was the substrate, the possibility existed 
that it was the acceptor resulting in the formation of a.-acetolactic acid. 
Decarboxylation of the latter would result in the formation of acetoin. 
The equations below depict the possible reactions: 
CH3· CO· COOH 
TDP 
-----------CH3· CHO· TDP + C02 
acetaldehyde 
adduct with TDP 
CH3· CHO· TDP + CH3' co· COOH------ CH3• co· ¢H. COOH + TDP 
CH3 
OH 




CH3. co·<; . CH3 + COz 
OH 
acetoin 
a.-Acetolactic acid was synthesized (Krampitz and Everett, 1948) and 
shown to be enzymatically decarboxylated to acetoin and C02 by crude 
enzymatic extracts of Staphylococcus~ and Aerobacter aerogenes .. 
Juni (1951, 1952) for his doctoral thesis at Western Reserve University 
demonstrated conclusively that a.-acetolactate was an intermediate in the . 
acetoin-forming system of bacteria. He was able . to purify the enzyrnic 
components responsible for the formation of a.-acetolactic acid as well 
as the decarboxylase which formed acetoin and carbon dioxide from a.-
acetolactic acid. The former system was dependent upon TDP while the 
decarboxylase required magnesium or manganous ions for activity: ' 
While these investigations established that a.-acetolactic acid was. an 
intermediate in acetoin formation they did not elucidate the mode of ac-
tion of TDP. A result obtained by Mizuhara and Arata (1951) with. a non-
enzymatic system presented a model system which aided greatly in 
e lucidation of the mode of action of TDP. This investigator found that 
mixtures of thiamin and pyruvate at a hydrogen ion concentration of pH 
8. 8 formed acetoin and that the thiamin was acting catalytically. Koffler 
and Krampitz (1955) found that this system was mechanistic~ lly similar 
to the enzymatic system from!:::_. aerogenes described by Junf except that 
the rates of reaction were much slower. a.-Acetolactic acid was. found to 
be an interme diate in the nonenzymatic system as well as in the enzy-
matic system. Acetoin was formed in the model system by spontaneous 
decarboxylation of a.-acetolactic acid. 
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Breslow (1957)£ound that the hydrogen atom attached to the carbon 
atom at pos i tion two of the t hiazolium ring of thiamin rapidly exchanged 
with deuterium of deuterium oxide unde r conditions of the model system. 
He proposed that this active hydrogen was comparable to the hydrogen of 
hyd"rogen cyanide and thiamin catalysed the formatim of acetoin from 
pyruvate much in the manner that hy drogen cyanide catalyses the forma-
tion of benzoin from benzaldehyde . Accordingly the mechanism of ace-
toin formation as catalysed by thiamin may be outlined as follows: 
Figure 
thiamin 
<ilH -r CCf ~CH. OC, H-NCll+ [ 
CH3·C-C / 3 / 
COOH "' H "' "'-s ""'-s 
pyruvic complex with 
thiamin 
a-hydroxyethyl-
thiamin (HE T) 
c;m 
NII+ ell-+ cH3 • co· cooH 
CH·C-C C-
. 3 H ~ / 
s 
+ C02 
OH -r ~ ----'>) a.-acetolactic acid + thiamin 
CH'C-C c-
3 I ~ / 
HO- C-CH3 S 
I 
COOH 
a.-acetolactic complex with 
thiamin acetoin + COz 
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T o test this hypothesis Krampitz et al. (1958) synthesized DL-3-[ (2-
methyl- 4-amino- 5-pyrimidyl)methYt]-:- 2-(1-hydroxyethyl)- 4-methyl- 5-
(2-hydroxyethyl)-thiazolium chloride hydrochloride. The tri-vial name, 
hydroxyethyl thiamin (HET) has been assigned to the compound. These 
investigators demonstrated that HET was at least as active as thiamin 
for growth of Lactobacillus fermenti and Lactobacillus viridescens, or-
. ganisms which require thiamin for their nutrition. In addition, . HET and 
ATP substituted for thiamin diphosphate for reactivation of a resolved 
yeast carboxylase preparation for the decarboxylatio~ of pyruvate to 
acetaldehyde and carbon dioxide. These results were indicative that 
HET when phosphorylated to hydroxyethyl thiamin d iphosphate (HETDP) 
was the active intermediate in pyruvate metabolism; however, the pos-
sibility remained that the small amounts of HET ;required for thes·e ex-
periments may have decomposed spontaneously to thiamin and that the 
latter was the active component in the two systems. 
Conclusive proof for establishing that an hydroxyethy[ group substitu-
tion at carbon atom number two of the thiazole 'ring of thiamin was the 
active intermediate in acetoin synthesis appeared to involve the synthesis 
of substrate quantities of hydroxyethyl thiamin diphosphate .(HETDPJ in 
order to test whether it would be converted to acetoiri by the acetoin-
forming complex obtained from Aerobacter aerogenes . . 
HETDP was prepared by isolating it as an intermediate in the model 
system of Mizuhara described above (Krampitz ~ ~l., 1961). Thiamin 
diphosphate and pyruvate adjusted to pH 8. 8 will form acetoin as well as 
thian\in and pyruvate _under the same conditions. In this system acetal-
dehyde will substitute for pyruvate. When thiamin diphosphate andacetal- . 
dehyde adjusted to pH 8. 8 were incubated, HETDP could be isolated by 
appropriate procedures amounting to 30% of the thiamiri diphosphate orig-
inally present. C14HETDP was prepared by employing C14H 3C
14HO. 
Initial attempts to demonstrate a conversion of HETDP to acetoin by 
the acetoin-forming complex obtained from!::_. aerogenes failed. It was 
soon Learned that the kinetics of the dissociation of thiamin diphosphate 
from the enzyme were nil or very sluggish. Consequently the turnover 
of HETDP on the enzyme necessary for acetoin accumulation was of suth 
a small order of magnitude to · n~gate detection of acetoin. To' obviate the 
technical problem of lack of dissociation of TDP from the enzyme sub-
strate quantities of the acetoin-forming complex from!::_. aerogenes were 
prepared as described by Juni (1952) and resolved of TDP. As indicated. 
in Figure 1, an acceptor for the hydroxy ethyl group of HE TDP must be 
present for the formation of acetoin. Inasmuch as acetaldehyde is not a 
substrate for acetoin formation by the enzymatic system but may be an 
acceptor for the hydroxyethyl group, nonisotopic acetaldehyde was added 
with C14-HETDP to substrate amounts of. enzyme under conditions de-
scribed in Tab le I. 
It will be ob served that insignificant amounts of acetoin were formed 
spontaneously in the absence of enzyme. Enzymatically, the amount of 
acetoin formed increased proportionately with the amount of enzyme 
present, substantiating that the kinetics of the dissociation of TDP from 
the enzyme was very sluggish. In addition when the acetoin was degraded 
to obtain the acetyl moiety it contained the total amount of C14 present in 
the entire molecule. These data are in accord with the mechanism in-
volving HETDP for the formation of acetoin. 
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Table I. Enzymatic formation of acetoin from C 14-HETDP 
Control (no enzyme) 
0. 3 g enzyme (300, 000 units) 






~< 5 µmoles nonisotopic acetoin added for isolation purposes . 
2. Q mmoles potassium phosphate buffer pH 6. 5; 40 µmoles MnCl2 ; 
10 µmoles -C14 -HETDP, 30, 000 cpm; 2. 5 mmoles acetaldehyde. 
Time 4 hrs. Temperature 30°C. Acetoin isolated and 2, 4 dinitro-
phenylhydrazone prepared for counting purp·oses. 
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Substantiating these results for the intermediary role of HETDP in the 
enzymatic formati~n of acetoin was the isolation of HETDP from 22 mg 
of enzyme which was forming acetoin from pyruvate. 
This acetoin-forming complex will oxidatively decarboxylate pyruvic 
acid to acetate and C02 providing an electron acceptor such as the ferri-
cyanide ion is present. Since this oxidative reaction is also dependent 
. upon TDP it was of interest to determine if HETDP would be converted 
to acetate. Should such a result be obtained evidence would be at hand 
to involve HETDP in pyruvic oxidase reactions. 
The results depicted in Table II demonstrate that substantial quantities 
of C14 acetate were formed from C14HETDP by the enzyme complex with 
ferricyanide as the electron acceptor. Without enzyme very little acetate 
was formed indicating that the oxidation was catalysed by the enzyme 
complex. 
Table II. Formation of acetate from HETDP 






Reaction mixture contained: 2 mmoles potassium phosphate, pH 6. 2; 
20 µ~oles MnCl2 ; 10 µmoles C
14 -HETDP, 130, 000 cpm; 200 µmoles 
potassium ferricyanide; nitrogen in gas phase. Total volume 50 ml; 
time 2 hrs. Temperature 30 ° C. 20 µmoles nonisotopic sodium acetate 
added at conclusion of experiment. 
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The results cited in this communication illustrate that a-hydroxyethyl 
thiamin diphosphate is the active intermediate of thiamin diphosphate in 
the formation of acetoin from pyruvate by the acetoin-forming complex 
first discovered by Silverman and Werkman. a-Hydroxyethyl thiamin 
diphosphate is also the precursor of acetate by this system when supple-
mented with an electron_ acceptor such as ferricyanide ion. 
Milton Silverman performed the initial classical work on the acetoin-
forming system over twenty years ago for his doctoral thesis, but only 
recently have intimate portions of this complex been elucidated. Such 
were the scientific accomplishments of this man. His untimely death 
has left an emptiness in our scientific community. 
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SOME CHANGING CONCEPTS REGARDING THE COLIFORM GROUP: 
PATHOGENICITY, INDEX OF POLLUTION, AND 
PROTECTIVE PROPER TIES 
Max Levine1 
Re search Associate in Microbiology 
University of Hawaii 
SUMMARY. Classification on th e basis of anti genic struc-
ture, development of laboratory techniques for expedi -
tious determination ·of fecal Escherichia coli indic·es 
in water and recognition of the production of colicins, 
which exhibit specific antibioti c properties, by some 
coliform bacteria, has served to markedly alter estab-
lished concepts about the coliform group of bacteria. 
The view that all varieties of~· coli are nonpatho-
genic, as respects enteric disease, is no longer ten-
able. Through the aid of the system of antigenic anal-
ysis, and typing, the fact that a numb e r of ~· coli 
serotypes are highly- virulent, specific etiological 
agents of diarrheal disease, e specially of inf ants, has 
been definitely established. 
Gas production in either EC or BALB media appears 
to constitute a highly reliable criterion of the presence 
of fecal~· coli. When employed as secondary media 
for in o cul at ion from primary Lactose B rot h, aft er· about 
8 hours incubation, gas formation in BALB and BGB 
appears to be a satisfactory presumptive test for the 
simultaneous determination of the E.coli and coliform - --
indices, respectively, and these can be obtained within 
24 to 48 hours aft er initiation of a water analysis. 
Many species a mong the Enterobacteriaceae produce 
colicins but such strains have been most frequently 
observed in th e genus Escherichia. Wh ereas some 
stra i ns exhibit very wide antibiotic spectra; being ef-
fective against many Salmonella, Shigella and ente ro-
pathogenic ~· coli serotypes, others are capable of 
inhibiting growth of only a few species-a phenomenon 
strikingly indicative of the multiplicity and sp ecificity 
of the colicins. The utilization of colicin-producing, 
nonpathogenic ~· coli strains commercially and, espe-
cially, therapeutically for control of diarrheal disease, 
constitutes an interesting and intriguing possibility. 
1 Emeritus Professor of Bacteriology, Iowa State University; retired 
Director of Laboratories, Hawaii State Department of Health. 
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The coliform group has attracte d the attention of bacteriologists prac-
tically from the very beginnings of the science of microbiology' but 
distinctive roles of its component species, varietie s, or types, have 
begun to be adequately recognized only during the last two decades. The 
following brief presentation is concerned with but a few of the changing 
concepts on the significance of members of the coliform group as enteric 
pathogens, indic es of pollution, and protective agents. 
I. The Coliform Group and Infant Diarrheas 
Whether bacteria of the coliform group are etiological agents in diar-
rheal disease of infants has been a subject of controversy since 1884 
when Emmerich isolated a strain from the stools of cases of "cholera-
infantum" in Naples and ascribed to it the cause of the childrens' ail-
ments. The following year (1885) Esche rich r eported that organisms-
Bacterium coli commune-which he considered to be identical with that 
described by Emmerich, were constantly present in the stools of normal 
infants. What were considered to be similar, if not identical, bacteria, 
were soon observed to be constantly present in the stools of animals and 
man and the view that such bacteria constituted the normal, nonpathogenic 
flora of the intestinal tracts of mammals was enunciated and generally 
accepted. The organism described by Escherich is currently designated 
as Escherichia coli and that of Emmerich as ~· coli var. neapolitana, 
the latter differing from ~. coli by its ability to ferment sucrose with 
acid and gas production. 
That the coliform group of bacteria compris e s many varieties which 
could be differentiated on the basis of motility, liquefaction of gelatin, 
production of indol, reduction of nitrate s, and fermentation of various 
carbon compounds with production of specific end-products, etc., has 
long been recognized and the view that some of these varieties might be 
pathogenic has persisted. Thus, Adam (1927) in Germany, described a 
biochemical type of the coliform group which he considered to be the 
cause of diarrhea of infants and designated it as "Dyspepsie-koli" but it 
was not until 1943-when Kauffmann of Denmark first reported on the 
presence of thermolabile antigens associated with the envelopes, sheaths 
or capsules of the coliform group and who later (1947-1951) developed a 
system of bacterial classification, or typing, as it is frequently referred 
to, on the basis of antigenic structure-that association of specific varieties 
(types) of coliform bacteria with diarrheal disease was firmly established. 
Briefly stated, three classes of antigens-"O" (somatic), "H" (flagel-
lar) and "K" (the latter being associated with the envelopes, sheaths or 
capsules around the body of the bacterial cell)-have been demonstrated 
for the coliform group. The "O" antigens are alcohol and heat stable 
whereas the "H" antigens are labile to these agents. The "K" antigens, 
which comprise three antigen subtypes-designated as "L," "A" and "B" 
-have the property of inhibiting the agglutination of the live bacteria by 
"O" antis era but this phenomenon may be eliminated by heating the test 
bacteria at 100°C for an hour. Considering the multiplicity of antigenic 
components-there have been recognized 135 "O," 40 "H" and 77 "K" 
(comprising 30 "L," 26 "A" and 21 "B") antigens-it is evident that com-
plete serological typing may we 11 become a Herculean task. In general, 
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however, d e t ermination of the "O" and "B" antigenic components has 
been found ade quate for most work. For specially detailed epidemio-
logical studies, however, it will be necessary to d etermine the "H" anti-
genic components. Ewing, Tatum and Davis (195 7) of the Communicable 
Disease Center in Atlanta, Georgia, recognized the following eleven 
serotypes of enteropathogenic E.coli (E.E.C.) to be associated with 
diarrheal disease of infants in the U~-026:B 6, 055 :B5, 086:B 7, Olll:B4, 
Oll2:Bll, 0119:Bl4, 0127:Bl 7, 0124:Bl5 , 0126:Bl6, 0127:B8, Ol28:Bl2. 
It is to be expected that others will be recognized as more outbreaks are 
studied. 
Consideration of the following reports of suspected association of 
coliform.bacteria to diarrheal disease of infants is strikingly illustrative 
of the value of antigenic analysis. Bray (1945) ascribed an outbreak of 
gastroenteritis among babies in England in 1943, which was character-
ized by stools with a seminal odor, to coliform strains, isolated from 
practically all such stools, that produced a similar odor on artificial 
media and wer e serologically the same, on the basis of the ordinary ag-
glutination tests. He designated th e organism as Bacterium coli var. 
neapolitanum. Giles , Sangster and Smith (1949) isolat ed coliform organ-
isms which were serologically alike , on the basis- of ' the ro.utine a ggluti-
nation tests, from the stools of affected children-in the course of an 
extensive outbreak of diarrhea among infants in which the mortality was 
about 50%-in Aberdeen Scotland, in 1947, which he named Bacterium 
coli alpha. The following year (1948) they again encountered organisms 
that were serologically alike, in an outbreak of infant diarrheas, but 
which differ ed serologically from their~· coli alpha and designate d it as 
~· coli beta. Taylor, Powell and Wright (1949) obtained serologically 
identical coliform strains from diarrheal infants in several nursing 
homes in London, whereas such strains were not detected in stools from 
normal infants, and designated the organism ~. coli D43 3. In 1946, 
Varela isolated a strain of~· coli from the feces and the purulent secre-
tion of the external ear of a 2-month-old infant that had died of acute 
enteritis, and from 5 children and a woman employee, in an outbreak of 
diarrhea at the Hospital Infantil in Mexico City, and named it ~. coli-
gomez. It is therefore especially interesting and significant to note that 
Olarte and Varela (1952) reported that the ~. coli neapolitanum of Bray, 
~- coli alpha of Giles and Sangster, ~· coli D433 of Taylor, Powell and 
Wright, and Varela's ~. coli-gomez were all antigenically identical with 
~· coli Olll:B4 of the Kauffmann classification-an organism which is 
now recognized as a highly virulent intestinal pathogen and which is ap-
parently closely related to, if not identical with, ~. coli var. neapolitana. 
Incidentally, it might be noted that the~. coli beta of Giles an·d Sangster. 
is now recognized to be identical serologically with~· coli 055:B5. Thus 
the system of antigenic typing of~. coli strains has brought order out of 
chaos and may have served, after a lapse of almost 70 years, to vindi-
cate the view of Emmerich who ascribed the cause of "cholera-infantum" 
in Naples to the coliform strain which he had isolated. 
In the foregoing examples, association of various strains of~· coli as 
etiological agents of infant diarrheas has been based on epidemiological 
evidence but recently Koch's laws have been more adequately satisfied, 
at least for three types-~. coli Olll:B4, 055:B5, and 0127:B8. The 
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following examples with~· coli Olll:B4 are typically illustrative of find-
ings. Neter and Shumway {1950) fed 100 millions of E. coli 0111 :B4 
(strain D433) to a 2-month-old infant with multiple cm~enital defects. 
Diarrhea developed within 24 hours, considerable loss in weight {7 oz.) 
ensued, the specific coliform type appeared in large numbers in the 
infant's stool and within 48 hours after administration of ter·ramycin the 
specific organism(~. coli Olll:B4 or~· coli D433, as they had desig-
nated it) disappeared and the symptoms subsided. That this organism 
may also cause diarrhea in adults was demonstrated by Ferguson and 
June {1952) who fed a mixture of 3 strains of ~. coli 0111 :B4, freshly 
isolated from cases of infant diari·heas, to volunteers at the State Prison 
of Southern Michigan. Those receiving large numbers (9, 000 millions in 
milk) developed diarrhea within about 10 hours, the specific organisms 
were present in large numbers in their stools and specific agglutinins 
for the test organism developed in a large proportion of the volunteers. 
In the course of observations over a two-year period {1947-8) follow-
ing the first isolation of a strain of E. coli 0111 :B4 in Honolulu, seven 
serotypes of E. E. C. were isolated from 118 cases and 63 carriers, 
among hospitalized children and one student nurse. Of the cases, 92 
{78.0%) were due to the very virulent E.coli Olll:B4 and 11 (9.4%) to 
~. coli 055 :B 5. In marked contrast to ;:-eports of 40 to 70% mortalities 
in outbreaks on the mainland and Europe, before the importance of these 
E. E. C. was appreciated, thanks to expeditious detection of these patho-
gens and prompt administration of neomycin, only one fatality 0. 85% ) 
occurred. 
From the foregoing it mu st be apparent that the old concept, that all 
strains of~. coli are normal nonpathogenic inhabitants of the intestinal 
tracts of man and animals, is no longer tenable. Many varieties, or 
types, are highly pathogenic, especially for infants; others, as will be 
pointed out later, may have marked protective action against bacterial 
enteric infections. The practice, all too frequently in vogue, of report-
ing that bacterial pathogens are not pre sent, or suspecting a virus etiol-
ogy, if salmonellae or shigellae are not detected in diarrheal stools, is 
without justification, if specific attempts to isolate enteropathogenic ~. 
coli have not been adequately carried out. 
II. The Coliform Group as an Index of Water Pollution 
In view of the fa;'ct that the primary source of water-borne enteric 
pathogens is the intestinal tract of man and animals, the incidence, in 
drinking waters, of bacteria constituting the normal intestinal flora 
would naturally be considered to serve as an index of possible hazard. 
For many years E. coli (B. coli commune as it was originally desig-
r:ated) served this purpose~ The entire coliform group is presently em-
ployed as the index of water safety in the United States, though not in 
England and various countries in Europe, but it would not be surprising 
if a more restricted index were to be adopted in the U.S. in the not too 
distant future. 
In the first edition of "Standard Methods of Water Analysis" {1950), 
only those nonspore-forming, lactose-fermenting bacteria which pro-
duced indol, were motile, reduced nitrates and did not liquefy gelatin-
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characte ristics specifically those of ~· coli rather than those of the 
"coliform" group-were c onsidered significant as an index of safety. 
Surface waters with as many as 25-40% and filtered waters with 8-10% 
of 1. 0 ml portions positive for such organisms (~. coli) were regarded 
as acceptable. The excessive time r e quir e d-4 to 14 days-definitely to 
ascertain this index organism was obviously a serious drawback to its 
usefulness. The introduction of water chlorination, which made it pos-
sible to treat waters to a point where they would simulate deep well 
waters bacteriologically, l ed to the adoption of a much more stringent 
standard and one which could be more expeditiously determined. This 
was accomplished by {l) broadening the concept of what constitutes an 
organism of sanitary significance to include all aerobic nonspore - forming 
Gram-negative bacteria which produce gas from lactose and (2) dispens-
ing with the collateral tests for indol, gelatin liquefaction etc. -i.e., 
the same sanitary significance was ascribed to all members of the coli -
form group. 
This concept is at variance with the practices in many countries. 
Thus, in England only the indol positive strains of the coliform group 
that are capable of growing at 44 °C are considered of sanitary signifi-
cance and in G ermany the Eijkman t e st {fermentation of lactose at 45 .. 5-
460C) is employed-procedures whereby coliform strains other than 
typical ~. coli are practically eliminated. Thus, the English and the 
German practices are directed toward detection of E::'.· coli specifically, 
other coliforms being disregarded, and there does not appear to be any 
evidence that these countries have suffered from this practice. 
Failure to differentiate coliform bacteria may readily l ead to con-
fusion, unwarranted suspicion and condemnation of a potable drinking 
water. Thus, at a meeting of the American Water Works Association in 
1949, the Director of the Bureau of Sanitation of the Alabama State Health 
Department stated that there had been no water-borne typhoid fever in 
Alabama since 1923, in spite of high coliform indices of surfac e water 
supplies, but that E. coli was not present. In a similar vein, it was 
reported that in Los Angeles, during dry seasons with no runoff, marked 
increases in coliform indices were experienced but that these were due 
to coliform strains of the genus Aerobacter. A similar experience was 
reported from Massachusetts, where it was noted that the coliform in-
dices rose, during warm weather, in the distribution systems of some 
areas because of growth of members of the genus Aerobacter. A decision 
of the Illinois Supreme Court , in 1941, in conjunction with an outbreak 
of typhoid fever at the Manteno State Hospital in 1939, is illustrative of 
the confusion incident to the failure to differentiate coliform types. The 
court expressed the view that "It appears from the record that coli-
aerogenes or colon bacillus may be friendly or inimical and that the 
mere presence of the colon bacillus in water proves exactly nothing as 
far as typhoid is concerned. . It is further apparent that the colon 
bacillus may be of fecal or non-fecal type and that so far as typhoid is 
concerned it is only the fecal type from man alone {not from animals) 
that can spread the disease." ls it not probable that, if differentiation 
of coliform types had been carried out and the presence of fecal E::'.· coli 
proven, the court decision might have been radically different in some 
respects? 
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Development of a technique for exp e ditiously dete rmining the ~· coli, 
as well as the coliform, inde x might w e ll serve to e liminate the existing 
confusion and possibly to modification of our pre sent laborat ory proce-
dures and standards for evaluating the sanitary quality of water and 
foods. Differentiation of coliform strains on the basis of the IMViC re-
actions-indoL, methyl red, Vog e s Proskauer tests and citrate utiliza-
tion-is a step in that direction but the time requir e d is much longer than 
is desirable. The EC medium of Hajna and Perry (1943}-which may be 
used at 37°C for d e t e rmination of the coliform index and at 44. 5°C for 
the E. coli index-and the Boric Acid Lactose Broth (BALB) medium of 
Vaughn~d associates (1935 and 1951) at 43°C for the ~· coli index, 
appear to be very _promising. Gas production in BALB and Brilliant 
Green Bile (BGB) broth, when employed as secondary m e d i a for inocula-
tion from primary Lactose Broth after about 8 hours incubation, will 
s e rve to simultane ously d e termine the E. coli and coliform indices, 
respective ly, within a period of 24-48 hou;s (Levine e t al., 1955; Levine, 
1960)-a procedure which may well serve to elimi~t; the objection to 
diff e rentiation of coliform bacteria into typical fecal and other varieties. 
Furthermore, it may be noted that fecal ~· coli, when present to-
gethe r with other coliform bacteria, may not be detected, because of 
overgrowth by the Latter, when employing the pr e sently acc epted standard 
procedure s-Lactose Broth pr e liminary enrichment followed by streak-
ing positive presumptive tests on EMB and fishing suspected colonies for 
IMViC dete rminations-as is i ndicated by the following examples: ~. 
coli was not detected in a sample of water from a pond, which showed a 
coliform index of 24, 000 by the standard procedure, whereas, with em-
ployment of BALB as a secondary test medium, the same water sample 
was found to have an ~· coli index of 700. Similarly, a river sample 
which had a coliform index of 7, 000 and an~· coli index of only 60, when 
examined by the standard procedure, yielded an ~. coli index of 2, 4 0 0 
by employment of BALB as a secondary medium. Failure adequately to 
determine the true incidence of ~. coli, when employing the presently 
accepted standard procedures, due to overgrowth by other coliform types, 
is apparent. 
In conjunction with the foregoing observations, it is interesting and 
significant to note that Geldriech ~ ~l. (1962), of the Rob e rt A. Taft 
Sanitary Engineering Center of the Public Health Service, state that their 
"findings suggest that the presence of EC or BALB positive coliform 
strains in water or '. wastes indicate relatively recent pollution." They 
point out that "The biochemical t e sts comprising the IMViC typing clas-
sification are cumbersome and do not• present as close a correlation 
with fecal origins of the coliform group as other procedures." They 
conclude by saying that both the EC andBALB tests are reliable indices 
of fecal ~. coli and would seem to be the methods of choice for expedi-
tious detection of such strains. Whether these findings presage a pos-
sible modification in recommended analytical procedures and interpre-
tation of water analysis, constitutes an intriguing speculation. 
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III. Antagonisms of Coliforms and Bacterial Enteric Pathogens 
As the development of a system of classification on the basis of anti-
genic structure by Kauffmann made possible a clarification of specific 
relationship of various E. coli serotype s to diarrheal disease of infants, 
so the demonstration by-Gratia (1925) that a strain of ~. co Li produced a 
diffusible antibiotic sub stance-"principe V" -which was specifically 
antibiotic against another strain of~· coli and Shigella dysenteriae Laid 
the foundation for an explanation of the protective properties of the intes-
tinal flora against some forms of enteric disease, particularly of infants. 
The designation of "colicin" was later assigned to this type of antibiotic. 
Gratia and Fredericq (1947) demonstrated that there are many colicins, 
that they differ in their antibiotic spectra and physiological properties, 
are widely distributed in nature, and that colicins are produced by some 
strains of each of the various genera of the Enterobacteri aceae, though 
not as frequently as has been observed for the coliform group (Fredericq 
and Levine, 1947; Fredericq, 1957) . 
The incidence of colicin-producing strains in Hawaii may be of inter-
est. Levine and Tanimoto (1954) reported that 33 (19%) of 124 strains of 
Escherichia isolated from feces and water, 11 7 (59. 2%) of 169 Escher-
ichia obtained from the throats of 2- to 5-day-old infants, 2 (16. 7%) of 
18 stock Shigella types and only 2 (3. 9%) of 52 Salmonella types, we*re 
found to be antibiotic against one or more strains of the enteric group of 
bacteria. It may be especially interesting and worthy of note that, of 
11 7 coliform strains isolated from the throats of 15 infants (2 to 5 days 
of age), 99 (84. 6%) were antagonistic to the growth of the patho,genic ~· 
coli 055:B5 and 64 (54. 7%) to E. coli Olll:B4. Furthermore, 30 of these 
strains (2 from each of 15 i~farrts) were antibiotic against Shigella I; 
13 (obtained from 8 infants) were antibiotic for Salmonella grumpensis; 
and 2 (obtained from one child) inhibited the growth of Salmonella s 'chot-
muelleri in addition to Shigella sonnei I and the pathogenic coliform 
types 0111 :B4 and 055:B5. It would be extremely interesting to ascertain 
whether children harboring these colicin-producing coliform strains are 
more resistant to Shige Lla and Salmonella infections. 
The wide antibiotic spectrum of some coliform strains is indicated by 
the following observations of Levine (1961). Thus, ~· coli strain H-10 
isolated from a specimen of human feces, was antibiotic against each of 
27 Shigella and 7 enteropathogenic ~· coli serotypes and 50 (90. 9%) of 
55 Salmonella serotypes examined. Another strain, ~. coli 6-204, iso-
lated from sea water, was only slightly less effective being antibiotic 
against 23 (85'. 2%) of the Shigella, 49 (89. 2%) of the Salmonella but only 
4 (57. 2%) of the 7 E. E. C. serotypes examined. A strain of Aerobacter 
aerogenes obtained from river water was effective against 26 (96. 3%) of 
the Shigella, only 32 (58.4%) of the Salmonella, but all of the 7 E.E.C. 
serotypes. The specificity of colicin production is evident. 
An interesting possible commercial application of colicin production, 
for the removal of glucose in the preparation of dried egg white, is indi-
cated by Mickelson and Flippin (1960). Employing the E. coli 6-204 
strain referred to above, _they observed that an inoculum of 116 Salmon-
ella senftenberg per ml of egg white, rose to 145, 000 in 24 hours and to 
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a plate count of 102, 000, 000 after 72 hour s at 37°C, whereas simulta-
neous inoculation of this Salmonella strain and ~· coli 6-204, resulted 
in a plate count of only 53 Salmonella senfte nberg per ml egg white after 
72 hours at 37°C. In another series of observations, a Salmonella senf-
tenberg inoculum of 24/ ml rose to 280, 000, 000 after 3 days, where~n 
simultaneously inoculating egg white with the Salmonella and ~· coli 6-
204, the Salmonella senftenberg plate count was zero after 3 days at 
37°C. 
From the foregoing observations it is evident that the so-called coli-
forms do not constitute a homogeneous group of bacteria but rather a 
heterogeneous assemblage of many varieties, or types, which can be 
distinguished biochemically and antigenically, many being specific en-
teric pethogens, others produce colicins which are specifically antibiotic 
against different Salmonella, Shigella, and enteropathogenic ~· coli 
serotypes. The utilization of the antibiotic properties of colicin-produc-
ing nonpathogenic ~. coli strains therapeutically as, for example, by 
implantation into the intestinal tract for treatment and prevention of 
bacterial infections, constitutes a most interesting and intriguing pos-
sibility. 
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SUMMARY . T h e a m i n o a c i d c o m p o s i t i o n of E h r l i c h a s -
cites and ad en oca r cinom a E-0771 tumors of mice have 
b een d etermined and they hav e been compared with the 
ami n o ac id c ompo s i tion o f n ontumor tissues oft he host 
animals. A majority of t h e amino acids were in lower 
concentration in the tumor tissue proteins than in the 
nontumor tissue proteins. This was true with Ehrlich 
ascites tumor wheth er t h e comparison was made on a 
dry tissue sample basis or on the basis of the total 
protein content of the tissues. 
The diff e rences in amino acid composition between 
the nontumor and tumor t i ssue were greater with the 
asc i t e s tumor than with adenocarcinoma E-0771. 
INTRODUCTION 
Various investigators trying to establish biochemical differences be-
tween tumors and normal tissues of the host animal have studied the 
amino acid composition of the tissue proteins (Dunn et al., 1949; Kit and 
Awapara, 1953; Ktlgl and Erxleben, 1939; Mickelson-a~ Barvick, 1956; 
Roberts and Li, 1949; Roberts and Frankel, 1949, 1950; Roberts and 
Simonsen, 1960 ; Sauberlich and Baumann, 1951; Sassenrath and Green-
berg, 1954). The objective of the se studies was to identify differences 
which might exist between the two types of tissues and thus contribute to 
an understanding of the neoplastic process. If differences wer e found, 
qualitative or quantitative, it was the hope that they might be exploitab le 
in chemotherapy of the tumors. This idea was advanced in connection 
with quantitative differences in the B-vitamin composition of normal and 
tumor tissues (Shapiro~<!,!., 1953). Results of investigations on sar-
coma-180 of mice, its amino acid composition, and chemotherapy with 
several amino acid antimetabolite s, have been reported (Mickelson and 
Flippin, 1956, 1958; Mickelson and Barvick, 1956). 
1 This investigation was aided in part by Research Grant C-2479 from 
the National Cancer Institute of the National Institutes of Health, U.S. 
Public Health Service and in part by the Midwest Research Institute. 
2 Present address: National Animal Disease Laboratory, Ames, Iowa. 
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Roberts and co-workers (1949, 1950, 1960) have been particularly con-
cerned with the conc e ntration and metabolic turnover of free amino acids 
in normal and malignant tissue s and tissue fluids during growth. Others 
(Dunn et al., 1949; Kogl and Erxleben, 1939; Mickelson and Barvick, l956; 
Sauberllch and Baumann, 1951) have determined the distribution of amino 
acids inhydrolysates of various experimental tumors and normal tissues. 
This report is an extension of the work done on the composition of 
sarcoma-180 (Mickelson and Barvick, 1956) and covers similar studies 
on adenocarcinoma E-0771 and Ehrlich ascites tumors and the nontumor 
tissues of their respective hosts, C-57 black mice and BAILB / c white 
mice. 
METHODS 
Black mice, strain C-5 7, were used as tumor hosts for adenocarci-
noma E-0771. The Ehrlich ascites tumor-bearing mice were obtained 
from Dr . Carl Cohen of the Battelle Memorial Institute. 
The ascitic fluid was aspirated from the abdominal cavity of the mice 
with Ehrlich ascites tumor into centrifuge tubes containing 5 mg sodium 
citrate per milliliter of ascitic fluid. The cells were washed several 
time s on the centrifuge with 0. 15 M cold NaCl solution until a clean 
whitish paste was obtained. The red blood cells were removed from the 
surface of the ascites cells with a capillary pipette and discarded. 
The solid tumor, adenocarcinoma E-0771, was removed 13 days after 
implantation and carefully trimmed of extraneous and necrotic tissue. It 
was then washed, dried, pulverized and e x tracted continuously with ethyl 
ether for 48 hours. The lipid-free dry tissue was then hydrolyzed with 
acid, or in the case of tyrosine and tryptophane, with alkali, according 
to the procedure of Williams {1955). 
The Ehrlich ascites cells, after washing fr e e of blood cells, were 
treated in an identical manner to that used on the solid tumor. 
Amino acid analyses were all done with microbiological assay methods. 
The determinations for each amino acid were done at three different 
sample levels in duplicate and the analysis was repeated for each amino 
acid. In the case of the heart tissue sample from the Ehrlich ascites 
mice, a laboratory accident resulted in loss of a portion of the sample 
so there was not sufficient sample to assay for glutamic acid, arginine, 
phenylalanine, tyrosine and tryptophane. 
Lactobacillus delbruckii LD5 was used to assay for phenylalanine 
(Williams, 1955); Streptococcus faecalis for valine, threonine, methio-
nine and histidine (Williams, 195 5), tyrosine and tryptophane (Henderson 
and Sne 11, 1948) ; Lactobacillus arabino sus 1 7-5 for glutamic acid and 
cystine (Hae etal., 1945), leucine and isoleucine (Williams, 1955); and 
Leuconostoc ~~nteroides P-60 for aspartic acid; lysine, glycine and 
proline (Barton-Wright, 1952). Lactobacillus caseii was used for the 
assay of arginine (Williams, 1955). 
Nitrogen was determined in the tissue hydrolysates by means of the 
Kj e ldahl method. 
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Table 1. Amino acid composition of a denocarcinoma E-0771 and 
non tumor tissue s of the host (C57 black mice). 
(Grams / 100 g of lipid-free dry tissue) 
Small 
Intes-
Tumor Heart Brain S12lee n Kidney Muscle Liver tine 
Aspartic acid 8.2 9.7 9. 1 8.6 9.0 11. 2 7.9 9.8 
Glutamic acid 10.6 10.6 12. 7 10.6 12.0 14.2 10.0 13.0 
Leucine 7.5 8 .8 6.6 6.0 6.7 7.0 6. 8 7.2 
Isoleucine 4.4 3 .4 3 . 9 2. 7 4.4 4.6 4.4 3.9 
Valine 4.6 5 .3 4.5 4.1 4.9 4.6 4.6 4.7 
Lysine 9.7 10.8 8.8 9.7 8.8 10.4 8.7 9.6 
Serine 7.9 8.9 9.0 7.9 8. 1 8.9 7.2 8.6 
Threonine 4.2 4.0 4.3 3 .0 3.4 4. 1 3 .5 3.5 
Cystine 1. 5 1. 9 1. 5 2.5 1. 0 1. 6 1. 5 
Methi onin e 1. 9 2.2 2.5 1. 7 2.4 2.8 2.0 2.3 
Arginine 5.6 5.2 5. 5 5.0 5.9 6.5 4.0 4.7 
Histidine 1. 8 3.8 2 .1 2.6 2.2 1. 9 1. 6 1. 6 
Glycine 4.5 5.8 3 .9 3.6 4.5 4.7 4.7 5.2 
Pro line 4.6 4.8 5.6 5.8 4.7 5.4 4.5 4.8 
Phenylalanine 3.6 4.5 3 .7 3 . 1 4.0 3.8 3.6 1. 8 
Tyrosine 1. 0 1. 2 1.4 0.8 0.8 1. 0 0. 7 1. 2 
Tryptophane 1. 2 1. 3 1. 5 1. 0 1. 6 1. 7 1. 5 1. 8 
RESULTS 
The amino acid composition of mouse ade nocarcinoma E-0771 and 
seven nontumor tis sues of the host is shown in Table I. Similar data for 
Ehrlich ascites tissue is shown in Table II . The values r epresent the 
content of 1 7 amino acids as gms / 100 gms of lipid-free dry tissue. A 
portion of the heart tissue hydrolysate from the Ehrlich as cites mice was 
lost in a Laboratory accident. Values for glutamic acid, arginine, tyro-
sine, tryptophane and phenylalanine are mis sing, as a result. 
The prot ein content of Ehrlich ascites and six nontumor tissues of the 
C-57 black mice is shown in Table III. Protein was calculate d from the 
total N value which was obtained by Kjeldahl analys i s of the tissue hy-
drolysates. R e covery of the Nin the hydrolysates as amino acids is also 
shown. The only tissue for which the value is low is brain. 
The total protein of the Ehrlich ascites tissue is about 10% less than 
the ave rage protein value for the six nontumor tissues. 
In Table IV, the amino acid content of the nontumor tissue s of the 
C-57 black mice (average value for six tissues) and that of Ehrlich ascites 
tissue has been calculated on the basis of total protein content rather than 
on total dry weight of tis sue as in Table II. 
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Table II. Amino acid composition of Ehrlich ascites cells and non-
tumor tissu·es of the host. (Grams / ! 00 g of lipid-free dry 
tissue) 
Small 
As cites Inte s-
Cells Heart Brain S:eleen Kidney Muscle Liver tine 
Aspartic acid 4.7 7.6 7.6 6.4 6.7 8. 7 5.5 6.5 
G lutamic acid 7.7 11. 3 8.5 9.5 10.9 9.3 12. 8 
Leu cine 5.5 8.6 7.5 7. 7 7.4 7.8 6.6 6.9 
Isoleucine 3.9 6.0 4.9 4.4 5.0 5.4 4.7 5.3 
Valine 3.8 4.7 4.4 4.8 4.7 4.8 4.4 4.8 
Lysine 8.2 10.8 9.0 9.5 9.6 11. 9 7.6 8.3 
Serine 4.0 4.9 4.8 4.5 4.7 4.8 4.5 4.8 
Threonine 3.0 4.3 3.9 3.5 4.0 4.3 3.5 3. 8 
Cystine 1. 2 1. 7 1. 2 1. 6 1. 9 1. 3 1. 5 1.4 
Methionine 2.0 2. 8 2.4 1. 7 2.8 3. 3 2.0 2.2 
Arginine 5.6 5.6 5.7 5.4 6.2 4.6 5.6 
Histidine 1. 8 2.9 2.4 3.0 2.7 2.4 2.1 1. 9 
Glycine 4.8 5.2 4.7 4.8 5. 1 6. 1 4.7 5. 9 
Pro line 2.7 2.7 3.0 2.9 3.5 4.0 3.2 3.4 
Phenylalanine 2.5 4.1 3.8 3.8 4.0 3.9 4.5 
Tyrosine 2. 3 2.7 2.1 3. 1 3 . 3 2.9 3.5 
Tryptophane 0.39 0.44 0.17 0.44 0.36 o.64 0.73 
Table Ill. Total Nin tissue hydrolysates of Ehrlich ascites and non-
tumor tissues. (Grams / ! 00 g of lipid-free dry tissue) 
N recovered Per cent 
Protein as of N as 
Tissue Total N {N x 6. 25} amino acids amino acids 
As cites cells 9.6 60.l 9.30 96. 5 
Liver 10.4 64.7 9.9 95.5 
Muscle 12.0 74.8 12.7 106 
Kidney 11. 7 73.4 11. 4 97. 5 
Small Intestine 11. 2 70.5 11. 4 101.0 
Brain 12. 5 78. 2 10. 3 82.0 
Spleen 10.0 62.7 11.00 109.0 
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Table IV. Amino acid content of Ehrlich ascites and nontumor tissues 




























































Finally, inTableV, the amino acid contents of adenocarcinoma E-0771 
and Ehrlich ascites tissue are shown as differences from the normal tis-
sues in per cent greater or less than that in the tumor tissue. The values 
for Ehrlich ascites tissue are shown on a total dry tissue basis and on a 
total protein basis. 
DISCUSSION 
When compared on a dry lipid-free tissue basis, both tumor tissues 
show a lower content than the normal tissues for the majority of the 1 7 
amino acids. With the exception of arginine, this is true for all of the 
amino acids in the Ehrlich ascites tumor. The differences are also 
rather large. When these values are corrected for the lower total pro-
tein in the Ehrlich ascites tissue, the values come more nearly in line 
with the nontumor tissue. There is still, however, a considerably lower 
amount of aspartic acid, glutamic acid, histidine, phenylalanine and 
leucine in the Ehrlich ascites tissue than in the nontumor tissue. 
In a report on sarcoma-180 (Mickelson and Barvick, 1956) the values 
in Table II were all on a dry weight rather than a protein basis. They 
were recalculated on a protein basis using the nitrogen values of Table I 
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Table V. Amino acids in adenocarcinoma E-0771 and Eh rlich as cites 


























Dry Tissue Basis 
Adenocarcinoma Ehrlich 
E-0771 as cites 
Less in Tumor 
13.6 33 
10. 6 25.8 
20.3 26.2 
16. 1 18.7 
18.6 15.7 
1. 0 21.4 
9.4 13. 5 
37.5 








Greater in Tumor 


























(Mickelson and Barvick, 1956) for the tumor and liver of the tumor-
bearing animals. The protein content o'f the liver was 81. 4%, that of the 
sarcoma-180 tissue 87%. Since the tumor was higher in protein than the 
nontumor tissues, placing the amino acid content of the liver and tumor 
tissue on a protein basis in the case of sarcoma-180 strengthens the view 
that certain amino acids are lower in the tumor tissue than in the non-
tumorous liver; notably aspartic acid, leucine, isoleucine, valine and 
histidine. 
The use of the quantitative difference s in amino acid composition of 
tumor and nontumor tissue as a basis for preparing amino acid anti-
metabolites has been exploited to some extent (Mickelson and Flippin, 
1956, 1958). In the case of the aspartic acid analogue, dl-beta aspartyl 
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hydrazide, it was shown that resistance to the tumor growth-inhibiting 
properties of the drug developed after about two weeks of therapy of 
sarcoma-180 in mice. 
Aspartic acid utilization by Lactobacillus delbruckii was irreversibly 
inhibited by aspartyl hydrazide (Mickelson and Flippin, 1958). When 
cultured repeatedly in the presence of the drug, ~· delbruckii developed 
a resistance to aspartyl hydrazide and was able to use it as a replace -
ment for aspartic acid. 
There has been lack of any outstanding success in tumor chemotherapy 
with amino acid analogues. Perhaps the amino acid antimetabolite exerts 
its blocking action too far from the critical site of nucleoprotein and 
protein synthesis within the genetic apparatus of the cell. Purine and 
pyrimidine antagonists, which function closer to the site of nucleoprotein 
and protein synthesis appear to be better tumor inhibitors (Curreri et al., 
1958; Mathews, 1958). - -
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SOME BIOCHEMICAL ALTERATIONS IN HOSTS DURING 
COXIELLA B URNETII INFECTION 
W. F. Myers1 , C. M. Downs and D. Paretsky 
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The University of Kansas, Lawrence 
ABSTRACT. Yolk sacs of embryonated 16-day-old chick 
eggs were analyzed for vitamin B content and compared 
with similar yolk sacs from eggs infected with Coxiella 
burnetii. Infected sacs had lower folate, riboflavi ·n, 
pyridoxine, biotin, thiamin and nicain l e vels, while 
pantothenate and B 1 z content were the same or higher. 
Similar studies on chick embryos show e d diminution 
of biotin, pyridoxine and riboflavin levels in infected 
specimens. Oxidative phosphorylation is inhibited in 
infected chick embryos and guinea pigs. 
Coxiella burnetii, the causative rickettsial agent of Q fever, has been 
the subject of several biochemical studies. The organism, freed of host 
enzymes and tissues in which it has been propagated, is able to oxidize 
glucose-6-phosphate, synthesize citrate, hydroxymethylate glycine, uti-
lize carbamyl phosphate in synthesizing citrulline from ornithine and 
orotate from aspartate. (Paretsky, et al., 1958; Paretsky, Consigli and 
Downs, 1962; Consigli and Paretsky, 1962, Malla via and Paretsky, 1963). 
A form of folate unique to C. burnetii has been describ ed (Mattheis, Sil-
verman, and Paretsky, 1963) but its function is as yet unknown. While 
the clinical pattern of Q fever is well known, and the biochemical picture 
of g. burnetii is slowly emerging, the actual biochemical events of the 
host-parasite system have been scarcely studied. In the present report 
data will be presented showing the alteration of some host activities in 
response to infection by g. burnetii. 
MATERIALS AND METHODS 
The organism employed was Coxiella burnetii, Nine Mile strain. 
Rickettsiae were propagated in embryonated eggs, harvested, purified, 
and titrated as described elsewhere {Paretsky et al., 1958; Consigli and 
Paretsky, 1962). - -
Vitamin content of cells and tissues were determined by usual micro-
biological assay procedures, essentially as described in nMethods of 
Vitamin As say" (1951). Oxidative phosphorylation was measured accord-
ing to Hunter (1955). 
1 Present address: Department of Microbiology, University of Maryland 
Medical School, Baltimore. 
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RESULTS 
Vitamin Content of Normal and Infected Yolk Sacs 
Embryonated chick eggs were inoculated with C. burnetii and yolk 
sacs were collected in the usual manner from infect~d eggs (Paretsky et 
!:_L, 1958). Sacs with a rickettsial content of 4+ were pooled, homog;--
nized and analyzed for vitamin content. Uninfected yolk sacs from 16-
day-old eggs were similarly treated and analyzed. The data presented in 
Table 1 represent a pool of 10 yolk sacs and three separate determina-
tions. Each assay was performed in duplicat e . In these and other ex-
periments, the infected material had lower levels of folate, riboflavin, 
pyridoxine, biotin, thiamin and niacin. Pantothenate and B 12 levels were 
similar in both infected and normal sacs. 
A similar comparison was made between the embryos of infected and 
uninfected embryos. Embryos which had supplied the yolk sacs in Table l 
were employed. The results in Table 2 are of interest in that while bio-
tin, pyridoxine and riboflavin levels are lower in the infected embryo, 
thiamin and niacin ar e not, in contrast to the situation found in the yolk 
sacs. Niacin levels were somewhat lower in the infected yolk sac, but 
higher in the embryo itself. Rickettsiae which were propagated in em-
bryonated eggs were harvested from the yolk sac and freed of yolk sac 
material (Myers, 1958). The vitamin content of purified f. burnetii is 
pres e nted in Table 3 and is compared to that of another rickettsia, g. 
prowazekii. The magnitudes of vitamin content in both rickettsiae are 
about the same, and within the range of vitamin content of free living 
bacteria (Thompson, 1942). 
From the data it is clear that embryonated eggs infected with f. bur-
netii have lower levels of many of the B vitamins than uninfected eggs. 
It was consistently observed that infected embryos developed more slowly 
than uninfected ones. Employing the measurement criteria of Hamburger 
and Hamilton (1951 ), for example, it was found that infected embryos 
which were chronologically 16 days old were at a 14-day-old physiologi-
cal stage of development. 
Some effects of the low vitamin content of the tis sues on the over-all 
physiology of the host were then investigated. Since oxidative phosphory-
lation is of great significance to living systems, and since previous work 
(Par et sky ~ ~·, 1958) established the presence of ATPase in f. bur-
netii, and because many of the B vitamins function as electron-transport 
coenzymes, a comparison was made of oxidative phosphorylation in in-
fected and uninfected tissue. 
Sixteen-day-old infected and uninfected chick embryos were harvested 
and the livers were removed and homogenized at 0 ° C. The homogenates 
were incubated in the presence of the appropriate sub st rates in Warburg 
manometers, and oxygen uptake and phosphate utilizations were deter-
mined. The P / O values in Table 4 show the significant decrease in oxi-
dative phosphorylation by f. burnetii-infected tissue. The inhibition of 
oxidative phosphorylation during the course of infection by f. burnetii 
has been repeated several times with embryonated eggs. Recently we 
have performed similar experiments employing guinea pigs. In these 
animals a similar P/0 inhibition has been observed dur ing infection, 
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Table 1 . Vitamin conte nt of normal and C. burne tii-infecte d yolk sacs. 
Yolk sac 
Vitami n Normal Infected I LN x 100 
!:!:gig; dry wt tissue 
Foli c acid 1. 6 0.95 59.4 
Riboflavin 6.1 3 .7 60.7 
Pyridoxine 11. 6 7.8 67.2 
Biotin 0.70 0.51 72. 9 
Thiamin 4.0 3 .4 85. 0. 
Niacin 34.5 31. 9 92.5 
Pantothe nic acid 55.7 57.3 103 
B12 0.07 0.09 130 
Table 2. Vitamin content of normal and C. burnetii-infected chick 
embryos. 
Embryos 
Vitamin Normal Infected IlN x 100 
µg l g dry wt tissue 
Biotin 0. 81 0.32 39.5 
Pyridoxine 1 3. 0 8.5 65.4 
Riboflavin 19.4 18. 4 94.8 
Thiamin 11. 2 13. 2 118 
Niacin 16 3 225 138 
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Table 3. Vitamin content of C. burnetii and R. prowazekii. 
Vitamin C. burnetii 




Pantothenic acid 0.26 
Niacin 0.59 
Folic acid 37.0 
Biz 
z 0.70 
Biotin2 10. 1 
1 Data from Kleinschmidt, ~t ~l., {1956). 
z mµ.g / mg N 
Table 4. Oxidative phosphorylation in normal, and 
chick embryo liver. 
Liver 
Substrate Normal Infected 
P / O 
glutamate 3.54 0.44 
citrate 1. 35 0.99 
c. 











I[N x 100 
12.4 
73.3 
Components: P04 buffer, pH 7.4, 40 µ.moles; cytochrome c, 0.03 µ.moles; 
MgClz, 20 µmoles; ATP, 5 µ.moles; hexokinase, Sigma, "practical" 
10 mg; glucose, 60 µ.moles; malonate, 30 µ.moles; sucrose, 250 µ.moles; 
DPN, 15 µ.moles; substrate, 30 µ.moles, final vol, 3. 0 ml. Incubated 
at 35°C, 20 min. 
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employing guinea pig heart as the tissue, and succinate as substrate. 
The P / O drops from an ini tial value of 2. 2 in the animals at 0 time, to 
0. 8 at the height of infection at 96 hours. The decrease in oxidative 
phosphorylation is virtually parallel to the onset of the fever, and the 
restoration of the P / O ratio occurs after the fever has subsided. At 13 
days, while there is a restoration of the original P / O ratio, the actual 
utilization of oxygen by infected tis sue remains at a low level. 
DISCUSSION 
The general clinical picture of Q fever in guinea pigs is one of ano-
rexia and muscular weakness; the animals become sluggish and display 
enlarged spleens as the fever mounts. In humans, the same character-
istic anorexia and myalgia obtains {Lennette, 1959). The pattern of 
diminished vitamin content which has been found in infected chicks can-
not be extrapolated to other animals, but the lowered P / O observed in 
infected chicks is also found in infected guinea pigs. The typical anorexia 
and myalgia of the infection may readily be associated with the general 
diminution of vitamins. Several explanations can be presented for the 
lower vitamin levels. Thus, the rickettsiae may be utilizing its host 
cofactors. f· burnetii is considered an obligate parasite, and it is ob-
vious that host factors ar e utilized for rickettsial proliferation. The 
vitamin content of the parasites, however, is insufficient to account for 
the large depletion of folate, riboflavin and pyridoxine. Furthermore, 
the techniques of hydrolysis and analysis reveal most of the rickettsial 
vitamins as well, and the expressed data include not only tissue, but 
rickettsial vitamins as well. Indeed, in instances where infected tissue 
has a greater vitamin level {B 12 in yolk sacs; thiamin and niacin in em-
bryos), the effect may be due to synthetic activities of the rickettsiae 
(Mattheis, Silverman and Paretsky, 1963). A more attractive assump-
tion is the biochemical interference by f. burnetii with host cellular 
metabolism. This seems certainly to be the case in inhibition of oxida-
tive phosphorylation. The inhibition begins before the tissue is fully 
infected. In the case of guinea pigs inhibition is observed 48 hours post 
infection before the liver and spleen show 4+ staining. The rickettsiae 
appear to evince an effect resembling toxicity, although no toxin has 
been described for f. burnetii. The mitochondria themselves may be 
damaged by the rickettsiae, or there may be an inhibition at the electron 
transport level resulting from cofactor depletion. Guinea pigs rapidly 
lose glycogen within the 48-hour period post infection. Whether the 
vitamin loss is associated with these phe nomena remains to be seen. At 
present the nature of oxidative phosphorylation inhibition is being inves-
tigated. employing purified host mitochondria. An understanding of the 
cause of the altered host biochemical picture should aid in clarifying the 
basic nature of the rickettsial infection, Q fever. 
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Foreword: In this work, as in so many other instances, we have bene-
fited from the solid critical faculties which were such an integral part 
of Milton Silverman's personality. Those of us who were privileged to 
know him well miss his scientific acumen and judgment, his unfailing 
generosity and above all, his gentleness and humaneness. To show in 
some small way our remembrance and gratitude, we dedicate this com-
munication to our colleague, Milton Silverman. 
SUMMARY . A l l G r a m - p o s i t i v e b a c t e r i a , i n c 1 u d i n g p e n i -
cillin-resistant staphylococci are killed by Vineyard 
S o u n d , Ma s s . w at e r o r f r a c ti o n s d e r iv e d t he r ·e f r o m , 
while all Gram-negative species are unaffected. The 
lethal factor is uniformly present in the water, vary-
ing only quantitatively and is macromolecular in nature 
and lipase-sensitive. It is hypothesized that the pre-
ponderance of Gram-negative organisms in the seas 
could be attributed to such a compound. 
It has been recognized for seventy-five years that unaltered marine 
waters exhibit marked bactericidal activity against a variety of terres-
trial organisms. Pearson (1955) has reviewed the literature. Since many 
localities empty sewage directly into ocean water, most investigators 
have concerned themselves with the activity of sea water on coliform 
and ente ric disease organisms, although de Giaxa {1889) reported that 
such waters were capable of killing the anthrax bacillus and a pathogenic 
staphylococcus. When coliforms or other enteric bacteria were sus-
pended in sea water, it was noted that the time needed for 90% kill of 
the inoculum varied from 18 hours {Orlob, 1949) to more than 20 days 
(Ketchum et al., 1949; Vaccaro et al., 1950) and varied according to the 
method ofp~treatment of the :;:;.ater (i.e. raw, filtered, boiled, auto-
claved, chemically processed, etc.) as well as the season of collection 
and experimental procedures used. 
Within recent years, many investigators have concerned themselves 
with the mechanism of the lethal activity of the waters. In general two 
1 Contribution No. 1410 from the Woods Hole Oceanographic Institution. 
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main schools of thought have been evident, i.e. physico-chemical and 
biological. The former theory would explain toxicity on the basis of os-
motic effects, unsuitable redox potentials, concentration of dissolved 
gases and ionic equilibria (Jones, 1961; Framer, 1961). The biological 
thesis assumes that factors such as predation by higher forms, competi-
tion for available nutrients, bacteriophage and antibiotic production by 
indigenous marine forms ar e important deside rata in explanation of 
toxicity. 
This communication will review work carried on in this laboratory 
for the past several years and will show that sea water exerts an anti-
biotic-like effect on terrestrial organisms quite independent of any in-
organic constituents, that the lethal compound is macromolecular and 
further that the active center is presumably a lipid. 
Methods 
Vineyard Sound, Mass, surface water from 2 miles offshore was col-
lected and kept refrigerated at 2 ° C to be used as needed. No significant 
difference in activity occurred during periods of storage up to 2 months. 
Staphylococcus aureus (S 10) is a coagulase-positive, penicillin-sensitive 
organism, S. aureus (S 1 ), a coagulase -positive, penicillina se -producing 
organism resistant to > 1000 µg penicillin/ml. All organisms used were 
grown overnight in nutrient broth. Where washed cells were used ex-
perimentally, the nutrient broth cultures were centrifuged and the pellet 
was resuspended in 0, 85% NaCl, re centrifuged and resuspended in 0. 85% 
NaCl. Sufficient washed or unwashed organisms were added to 3-25 ml 
of various Ly treated Vineyard Sound waters to give final concentrations 
of approximately 106 viable cells per ml. The suspensions in sea water 
were then incubated at ambient temperatures (20-24°C) . Surviving or-
ganisms were determined by plate counts in 0. 5% glucose-containing 
Difeo nutrient agar after 24, 48 and 72 hours at 37°C. Under these con-
ditions, indigenous marine forms did not appear as viable colonies up to 
48 hours. At 72 hours, pinpoint colonies easily distinguishable from the 
test organisms were observed. Dilutions for plate counts were made in 
inactive sea water rather than nutrient broth or other iso- or hypotonic 
diluents to eliminate the possibility of osmotic shock. It was noted that 
the plating agar could be made up in distilled water rather than sea water 
with no adverse effect on counts. In early experiments , as controls, 
similar amounts of organisms were inoculated into 2. 5% NaCl-0. 05 M 
phosphate buffer at pH 7. 9. Later inactive sea water or autoclaved sea 
water served as control menstruum. The various fractions, as indicated 
in the figures were reconstituted in either NaCL-P04 or inactive sea 
water. Filtered sea water was obtained by filtration through Selas 03 
bacteriological candle filters. Dialysis of the untreated sea water was 
carried out in a rocking, continuous flow dialyzer against tap water at 
5 ° C for 24-48 hours or until such time as chloride ion had disappeared 
from the dialyzed water as determined by lack of precipitation of AgCl 
on addition of AgN03 to the acidified contents. Dialyzed samples were 
flash-evaporated at 30°C almost to dryness and the 50-fold concentrated 
residue was dialyzed against running distilled water to eliminate tap 
water salts. Residues were filtered through HA Millipore filters for 
sterility. 
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Results 
As is indicated in Figure 1, untreated water from Vineyard Sound is 
rapidly bactericidal for a penicillin-sensitive strain of ~· ~ (S 10). 
Within 24 hours, with unwashed cells, viable organisms fall to less than 
1 % of the original. In the control (2. 5% NaCl) a slow decrease in viability 
occurs, occasioned primarily by a drop in pH to 3. 2 due to the endoge-
nous release of a cids into an unbuffered menstruum. Sea water is buf-
fered naturally at p H 7. 9 and consequently, in later experiments 2. 5% 
NaCl was buffered with O. 05 M phosphate at pH 7. 9. Under such condi-
tions, drop-off in t h e c ont rols was minimal. In other experiments, non-
bactericidal samp le s of sea water served as control media. Figure 1 
also indicates the ext raordina ry sensitivity of cells washed in 0. 85% NaCl 
or distilled water to ei t her s e a water or 2. 5% NaCl. Use of washed 
inocula therefore masks t h e more specific Lethal activity of the sea water 
vs. ~· ~. Consequently , unwashed inocula were used in all suc-
ceeding exp e riments. 
As shown by Figure 2, Se las ste rile-filtered water, after a lag period, 
also kills staphylococci. In other experiments, filtration through Milli-
pore HA membrane filters comp le tely eliminates the lag period. Auto-
claving for five minutes at 15 lbs pre ssure destroys lethality completely. 
Active waters may be diluted 16-fold without significant loss of activity. 
Figure 2 also shows that Escherichia coli under the conditions of these 
experiments, is not killed by sea water. Indeed, frequently this organism 
actually multiplied as much as ten-fold over a period of 72 hours. 
Penicillinase-producing, penicillin-resistant ~· ~ (S 1) was at 
least as sensitive to sea water as the penicillin-sensitive §_. ~ (S LO). 
On occasion the resistant line was inhibited by samples which exhibited 
minimal activity vs. the sensitive strain. In addition, as will be shown 
below, sea water initially inactive against both lines could be treated in 
various manners so that penicillin-resistant cells were killed while the 
penicillin-sensitive strain remained relatively unaffected. 
In other experiments, it was determined that sea water was lethal for 
all Gram-positive organisms tested and without effect on Gram-negative 
bacteria. ~· ~ (strains S 1 and. S 10), ~· epidermidis and Micro-
~ cerolyticus were all rapidly killed on exposure, while ~· coli, 
Aerobacter aerogenes, !:::· cloacae, Pseudomonas aeruginosa and Proteus 
vulgaris were insensitive to the marine waters. 
Information as to the molecular weight of the active compound w a s 
secured by exhaustive dialysis of sea water. Samples were dialyzed 
against running tap water at 5°C. The nondialyzable fraction was flash 
evaporated almost to dryness, dialyzed in the cold against running dis-
tilled water and then reconstituted to 50-fold concentration in untreated 
inactive sea water. 
Table I shows that the untreated sea water used in this experiment 
was essentially inactive against both types of~· aureus. As previously 
indicated, the penicillin-resistant strain is rapidly killed by dialyzed 
water, while · the sensitive strain shows considerably more resistance. 
These differences are quantitative rather than qualitative since both 
strains are rapidly killed by the concentrated residue. It should be noted 
that while inactive sea waters do not usually become active on dialysis, 
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Figure 1. Effec t of untreat e d Vineyard Sound water on 
washed and unwashed Staphylococcus ~ {S 10). 
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Figur e 2. Effect of Vineyard Sound water on Staphylo-
coccus aureus {S 10) and Esche richia coli {E 26). 
See M e thods for experimental d e tails. 
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00 
ANTIBIOSIS IN SEA WATER 79 
Tab le I. Effect o f various preparations of Vineyard Sound water on 
Staphylococcus aureus (S 1) a nd ~· aureus (S 10). Raw sea water 
wa s diluted with e qual volume of tap water used for dialysis; dialyzed 
sea water was r ec onstituted with equal volume of inactive sea wat e r 
and concentrated r e s i du e re consti tut e d with 1 :1 inactive s ea water 
and tap water NaCl-P04 a t 1 / 2 usual concentration. See Me t h ods for 
details of dialyzed and conc entrated pr e parat ions. 
PERCENT SURVIVAL AFTER 24 HOURS 
Suspending Medium 
Organism Raw Sea 48 Hour Concentrated NaCl-P04 
Water Dialysis Residue 
Penici II in-Resistant 
62 
S. aureus (Sl) 
0.88 0.025 100 
Pen ici II in-Sensitive 69 27 0.033 66 
S. aureus ( S 1 O) 
concentrated residues, in all samples of marine water test e d, are active. 
R esidues can b e diluted to original concentration, and invariably then 
behave exactly as the raw water from which the residues were der ive d . 
Needless to say, originally active , untreated waters r e tain all activity 
f ollowing exhaustive dialysis. On e further note is of interest. The 
Gram-negative bacteria ar e unaffected even by the concentrated residue s. 
Some information has been obtaine d as to the nature of the lethal 
compound. Since the factor is pres ent in extremely low concentrations 
in se a water (the residue remaining after dialysis and flash evaporation 
of 20 gallons leave s a bar ely preceptible haze on the evaporating flask), 
the r e sidue was treated with various degradative or hydrolytic enzymes 
in the hope that activity would be diminished thus giving information on 
the natur e of the lethal structure . Sixteen prot e olytic, saccharolytic and 
lipolytic enzymes were employed. A lipase extracted from wheat germ 
destroyed activity. All other enzymes were without effect. The activity 
thus is apparently a ssociated with a lipid. 
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Discussion 
Because of its nondialyzability, it would appear that the staphylococ-
cidal factor in Vineyard Sound water is of high molecular weight, thus 
demonstrating conclusively that none, or at least only a minor part of 
the water 1 s activity can be ascribed to small inorganic ions or to physical 
effects .. Possibly relevant here are the findings by Prescott and Li (1960) 
and Li ~ ~l. (1962) that there is present in the juice of abalone and other 
molluscs, a macromolecular substance, possibly a heat-stabile protein 
which is bactericidal against staphylococci and is also viricidal. 
It is of considerable interest that the bactericidal activity of the water 
is limited, at least in this work, to Gram-positive organisms, while the 
Gram-negatives are totally unaffected. This finding offers an attractive 
hypothesis in explanation of the well-known observation that the vast 
majority of bacteria in the oceans are Gram-negative. Conceivably, . the 
substance could act as a selective agent. The fact that it is uniformly 
present, differing only quantitatively at various collections, is consistent 
with this possibility. Of course, water from other areas will have to be 
tested before this hypothesis is on sounder footing. 
The inability uniformly to demonstrate anticoliform activity is dis-
turbing particularly in view of the repeated reports of such activity by 
numerous investigators. Conceivably it could be due to strain variations 
in the organism, though this seems unlikely since as indicated other 
Gram-negative organisms behave as ~· coli (E 26) does. The most likely 
explanation for the discrepancy is afforded by the observation of Vaccaro 
~t ~l. (1950) that addition of peptone in a concentration of 50 µg/ml led 
to inhibition of the anticoliform activity. In the experiments reported 
herein, it is estimated that experimental vessels contained organic mate-
rial in a final concentration of 50-80 µg / ml. It is of interest that such 
concentrations of organis material do not inhibit selective kill of staphy-
lococci. 
At first glance, the indication that the lethal factor is lipoidal in nature 
may be surprising. However, lipids are amongst the most stable of all 
compounds to microbial degradation. Further, Blumer (1962) has re- " 
ported that benzene-soluble compounds may be isolated from sterile-
filtered sea water up to concentrations of l. 5% of the total organic matter 
present. The active lipid, herein reported, is presumably associated 
with a macromolecule since the activity is nondialyzable. The nature of 
this moiety is unknown. It is, however, resistant to degradation of a-
and ~-amylase, trypsin, chymotrypsin, collagenase, hyaluronidase, etc. 
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SUMMARY. Protopl·asts of Streptococcus faecalis {9790) 
have been fractionated and the presence of the group 
D antigen in th e fractions has been determined. The 
D antigen appears to be associated with the membrane 
of protoplasts released from the cell by digestion with 
Lysozyme. The antigen is removed from the membrane 
by extensive washing with water, NaCL and phosphate. 
The antigen in the washes is sedimentable at 105, 000 
x g, and does not appear to be related to the nucleic 
acid present in the wash. It is not completely clear 
whether the release of antigen from th e membrane is 
due to disintegration of the membrane during washing, 
or to a true molecular separation. 
The Location of the group D antigen is a subject which has attracted 
considerable interest in the Last few years. A great deal of evidence 
has now accumulated which shows that surface structures of the Gram-
positive and Gram-negative bacterial cell, such as flagella, capsules, 
and cell walls, are the residence of many antigens, both protein and 
carbohydrate in nature. Many of these antigens are of considerable 
significanc e in the virulence, classification and structur e of the cell. 
It has become increasingly apparent that the behavior of the group D 
antigen is somewhat differe nt from that of other streptococci. The most 
notab Le feature is the difficulty in obtaining strongly titered antisera upon 
the injection of killed whole cells into rabbits. In addition, many workers 
have experienced difficulty in the serological identification of strepto-
cocci which in many other respects resemble group D organisms. 
The Location of the grouping and typing antigens of the group A strep-
tococcus had been considered by most workers for many years to be 
situated near the surface of the cell. It remained for the development 
of a technic for the preparation of cell walls {Salton and Horne, 1951 ), 
before positive proof of the Location of these two antigens in the cell wall 
was obtained {Salton, 1953). 
1 Research Career Awardee, U.S. Public Health Service (GM-K6-l 6284). 
Supported by the Chicago Heart Association, Office of Naval Research 
{Nonr 1768), and the National Institutes of Health {H-3709). 
2 Supported by the National Institutes of Health {E-3911 ). 
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The availability of a method for the preparation of ce 11 walls and indi-
cations that the group D antigen was not situated at the ce Ll surface led 
to an examination of the cell walls in these species {Jones and Shattock, 
1960). These workers showed that the group D antigen was not present 
in the ce 11 wall but was in the cytoplasmic fraction of the streptococcus. 
At approximately the same time, however, Elliott {1959, 1960) reported 
that the group D antigen was located wholly or in part at the surface of 
the cell. There is Little doubt at pres e nt, in view of subsequent result s 
{Slade and Slamp, 1962) and unpublishe d results from other laboratories, 
that indeed the group D streptococcal antigen is not found in the cell wall. 
In regard to the other serological groups of streptococci, Ottens and 
Winkler {1962) have shown that the group F antigen is located in the cell 
wall, and similar results for groups B, C, E, F, G, H, K, L, M, N, 0 
and Q have been presented by Slade and Slamp {1962). 
A further examination of the location of the group D antigen by Hij-
mans {1962) showed that the L form of three strains of group D strepto-
cocci did not possess the antigen . Thus, the absenc e of the antigen from 
the cell wall and L form pointed out strongly the desirability of further 
studies on this problem. The mo st likely possibility appeared to be an 
association of the antigen with the protoplast membrane. It was thus of 
inter e st to examine this problem by the pr eparation of the various struc-
tural units of the group D cell and a d e termination of the presence of the 
antigen. This r e port will d escribe the results obtained . 
MATERIALS AND METHODS 
Organism employed. Streptococcus faecalis {A TCC strain 9790) was 
used throughout thes e studies. This organism do e s not reduce potassium 
tellurite, grows in 6. 5% NaCl, reduces methylene blue milk, and reduces 
Litmus milk prior to acid coagulation. In addition, this strain does not 
b elong to any of the eight tellurite -resi stant serological types of S. fae-
calis as described by Sharpe and Shattock {1952). It does contai~ the D 
antigen. We are indebted to Dr. Burton Rosan for the d e scriptive char-
acteristics of strain 9790. The susceptibility to Lysis by Lysozyme in 
contrast to the resistance of the great majority of S. faecalis strains 
{Chesbro, 1961) is a further indication that while strai; 9790 is a group 
D enterococcus, it is not entirely typical of ~· faecalis as defined by 
most workers. 
Cell cultures. Streptococcus faecalis {ATCC 9790) was grown in a 
38° ± 0. 05°C water bath in a highly buffered, completely synthetic me-
dium, {Shockman, 1963; Toennies and Shockman, 1959). The medium 
was prepared as double strength basal medium and was sterilized either 
by separately autoclaving the glucose and other medium constituents at 
121 ° C, or by filtration through an 0. 45 µ membrane filter. Cultures 
growing exponentially in the same medium were used as inocula {Shock-
man, 1963) at a level of about 0. 4 µg / ml dry weight {about 106 cells / ml). 
The high phosphate content (0. 3 ~. and the concentrations of nutrients 
employed, allow exponential growth to continue at a rapid (duplication 
times approximately 30-33 minutes) and undiminishing rate to relatively 
high turbidity levels {approximate ly 0. 8 mg/ ml cellular dry weight). 
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These levels of turbidity reached during exponential growth could be 
raised by continuous neutralization of the lactic acid formed with NaOH 
and maintenance of the glucose Leve l above 1% by periodic additions , 
bas ed on the amount of alkali consumed. 
Growth was stoppe d quickly at the desir e d time by pouring the cultures 
on to super-cooled ice. Cells were harvested and washed with distilled 
water three to six times in the cold (0-5 ° C) by means of continuous flow 
and batch centrifugation. The cell crops were either Lyophilized or the 
fresh cells were used for further fractionation . 
The following physiological and nutritional typ es of cells were used in 
these studies (see also Toennies and Shockman, 1959; Shockman, 1959; 
Shockman !:_t ~L., 1958). 
1. Log phase cells. These cells wer e grown in the complete medium. 
Growth was stopped during the exponential phase at turbidities of 0. 4 to 
0 . 8 mg / ml (dry weight) by rapid chilling and the cells were harvest.ed 
and washed. 
2. Stationary phase cells. 
a. "Nonlimited" stationary phas e cells. These cells were har-
vested from complete medium at the point at which the turbidity had 
Leveled off despite continuous neutralization and maintenance of an ade-
quate supply of glucose. This occurred at about 5 hours after, and at a 
turbidity Leve L about 50% higher than at the end of the exponential phase. 
C essation of growth of these cultures may be due to depletion of some 
nutritional factor or factors other than glucose or amino acids, or to 
the accumulation of Lactate. Thes e cultures attained densities of about 
2 mg / ml dry weight. 
b . Threonine depleted stationary phase cells. These cells were 
grown in the medium d e scrib e d above but which contained only 4-5 µg / ml 
of L-threonine. Exponential growth ceased due to the exhaustion of the 
availab Le supply of threonine (Toennies and Shockman, 1953, 1959; Shock-
man, 1959) at turbidities of about 0. 2-0. 24 mg / ml dry weight (approxi-
mately 5 hours). The turbidities of these cultures continued to increase 
during subsequent incubation until they were 80 to 100% greater than at 
the end of exponential growth (approximately 0. 4 mg / ml dry weight). 
Thes e cultures were harvested after 41 to 44 hours incubation. 
c. Valine depleted stationary phase cells. Thes e cells were grown 
in the medium described above except for a decreased amount of L-valine 
(Shockman ~ ~L., 1958). Exponential growth ceased at about S hours . 
However, in this instance turbidities of these cultures continued to in-
crease during the subsequent incubation p eriod until they reached a Level 
40 to 50% higher than at the end of exponential growth and then leveled 
off. These cultures were harvested after 1 7 to 20 hours of incubation. 
Fractionation of the cells. Cell wall and the soluble protoplasmic 
fractions (Shockman, 1959 ; Shockman ~ ~l., 1958; Toennies ~ ~l., 1959) 
were isolated from crops of lyophilized cells which were mechanically 
disrupte d by shaking with 0. 2 mm diameter glass beads at h i gh speed 
and Low temperature in a mechanical shaker (Shockman ~ ~l., 1'957). In 
addition, membrane fractions were isolated and purified from freshly 
grown cells. These were isolated either by direct autolysis of exponen-
tially grown cultures (membrane preparation l) or after conversion of 
cells to protoplasts with the aid of low concentrations of Lysozyme 
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(membrane preparation 4 from Log phase ce Lls; membrane pr e parations 
5 and 7 from threonine -depleted cells; membrane preparation 6 from 
;aline depleted ce Lls) (Shockman ~ ~L., 1963). -
Fractionation procedures specifically de signed for the ce Llular Loca-
tion of the group D antigen we re then employed. Adequate knowledge 
of the fractionation procedures employed is absolutely essential to the 
interpretation of the experimental findings (see Discussion section). 
These procedures are outlined in abbreviated form in Figure 1, and are 
essentially the same as those previously described for the isolation of 
the protoplast membrane of this organism (Shockman et al., 1963). 
Washed exponential phase cells (9 mg/ ml, dry weight)-were incubated 
at 38°C in 0. 5 ~sucrose and 0. 05 ¥sodium phosphate (pH 6. 6). Con-
version to protoplasts was followed by means of phase contrast micros-
copy and by dilution of aliquots with water (Shockman ~ ~L., 1963, 1961 ). 
Conversion to protoplasts was deemed complete in 2 to 3 hours at which 
time the procedures outlined in Figure L were employed. Washed threo-
nine depleted cells (15-25 mg/ml, dry weight) were incubated at 38°C in 
the sucrose-phosphate solution de scribed above which contained Lyso-
zyme (0. 004 to 0. 005 lysozyme to cell ratio). Complete conversion to 
protoplasts as determined by the criteria de scribed above was obtained 
after 11 to 12 hours of incubation at which time the procedures described 
in Figure 1 were employed. The modifications of the previously em-
ployed procedures that are thought to be important to the interpretation 
of the experimental data are as follows: 
Fractionation according to Figure L. Because of the somewhat heter-
ogeneous nature of the supernate after protoplasting, no attempt was 
made to remove it before the Lysis stage. The protoplasts were lysed by 
dilution in the sucrose-phosphate Lysozyme solution in which they were 
prepared with 0.05 ~phosphate buffer (pH 7.4). It was considered ad-
visable to maintain 0. 05 M concentration of phosphate or NaCL until the 
final washing. Higher c~trifugal forces were used (78, 000 to 105, 000 
x g) in an attempt to quantitatively remove the membrane fraction from 
the supernate. However, the higher speeds, together with the more 
thorough technics used to re suspend the peL'ets after centrifugation, was 
probably responsible for the more fragmented nature of these membrane 
preparations. Thus, the rationale of the use of higher centrifugal forces 
did not result in a "cleaner" fractionation procedure. Magnesium ions 
were not added during the fractionation in order that the Large ribosomes 
would dissociate to smaller subunits, and the activity of the Latent ribo-
nuclease would result in a complete loss of the original structures (Tis-
siere s and Watson, 195 7). Therefore, the ribosomes could be removed 
from the membrane fraction, and thereby appear in the supernates 
(washes). The ultraviolet adsorption spectra of the washes was deter-
mined in order to follow the removal of nucleic acids from the membrane 
fraction (Table 2), and to correlate this with the antigenic activity of the 
washes. 
Serological procedures. All samples which contained dialyzable 
material such as sucrose, NaCL or phosphate were dialyzed and Lyophil-
ized before use. In order to extract the D antigen from the various cell 
fractions, 2 mg was suspended in 1 ml 0.05 N HCL, held at 100°C for 
10 minutes, neutralized to phenol red with NaOH and made to 2 ml. 
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Each extract was centrifuged and tested by the capillary procedure of 
Swift ~t ~L. (1943). Lyophilized whole cells were extracted and tested 
in a similar fashion. ALL extracts before precipitin testing were diluted 
so that each contained the material extracted from l mg in a total of L ml. 
Five different preparations of group D antisera were employed. The 
antisera against~· Liquefaciens (strain 81 75), ~· zymogenes (strain 8176), 
~· faecalis (strain 8213), and~· durans (strain 8307) were prepared in 
rabbits using broken cells according to the procedure of Slade and Stamp 
(1962). The antiserum obtained from the U.S. Public Health Service was 
a part of lot No. 2. 
Adsorption of group D antiserum. Four mg cytoplasm from strains 
9790 or DH was mixed with 0. 2 ml antiserum and incubated 1 hour at 
37°C and overnight in the ice box. The material was removed by cen-
trifugation before the adsorbed serum was used in the precipitin test. 
Adsorption of a similar sample of serum with two 5 mg portions of 
lyophilized whole cells did not show any Lowering of the antibody titer, 
whereas sera adsorbed with cytoplasm no Longer possessed group D 
antibody. 
Electron micrographs. Lyophilized materials were used for examin-
ation. The material was suspended in distilled water, deposited upon 
formvar-coated grids, and air dried. The grids were shadowed with 
chromium at an angle of about 15 °. 
RESULTS 
An examination of the group D antigen content of a Limited series of 
cell fractions from mechanically broken cells is given in Table 1. It can 
be seen that the soluble protoplasmic fractions contain the D antigen, and 
in each case the antigen is sedimented by centrifugation at 105, 000 x g. 
In addition, as shown in Part B of Tab Le 1, isolated and purified mem-
branes contain the antigen. Both protoplast membrane samples were 
washed ten times with phosphate, saline and water (Shockman et al., 
1963). - -
It is apparent from these results that the group D antigen is (1) asso-
ciated with the particulate fraction of the protoplasm and (2) present in 
isolated purified membrane preparations. The soluble fraction of mech-
anically disrupted cells undoubtedly does contain at Least some of the 
membrane fraction, probably in a highly fragmented form which can be 
sedimented at high centrifugal forces (Shockman et al., 1963; Kolb et al., 
1963; Toennies ~ ~L,, 1963). These same force;: w-;uld also be expected 
to sediment the small nonmembrane particulates of the cytoplasm, such 
as ribosomes. Despite the fact that the antigen was pre sent in two 
thoroughly washed membrane preparations, it is not possible from these 
results to differentiate between a membrane or membrane associated 
Location and a fortuitous fractionation of some cytoplasmic particulate(s) 
with the membrane fraction. 
In order to examine this point more carefully, a Large batch of threo-
nine-depleted cells was fractionated according to Figure L and each wash 
and other fractions were examined for the antigen. In this case, proto-
plasts were released from the cells by digestion of the cell wall with 
lysozyme. The data in Table 2 show that the nine washing steps in the 
A. 
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Table 1. Distribution of gr oup D antigen in ce LL fractions of Strepto-
coccu s faecalis. 
Precipitin Reaction 
Cil"rution of antigen 
0 1:2 1:4 1:8 1:16 
l· echanical]jv disrupted cells 
Log Phase -
cells 4+ 3+ 2+ + 
soluble fraction 
supernate (10) , 000 x g ) 
pellet (105 , 000 x g ) 2+ 2+ + 
Stationary Phase -
Threonine depleted -
soluble fraction - 3+ 2+ + + 
supernate (10), 000 x g) 
pellet (10),000 x g) 2+ + + 
Valine depleted -
soluble fraction - + + 
supernate (10), 000 x g ) 
pellet (10),000 x g) 3+ 2+ + 
11 Non limited" 
cells 4+ 2+ + 
soluble fraction 4+ 2+ + 
supernate (10) , 000 x g) + 
pellet (10),000 x g) 4+ 2+ + 
B. Isolated, washed, Protoplast Membrane~ (obtained by lysozyme t reat ment of cell) 
From Stationary Phase 
Threonine depleted cells UIS) 4+ 3+ 2+ + 
Valine depleted (#6 ) 3+ 2+ + + 




Fraction x ml Weight, mgs Preci:12itin Re8:_ction 
dilution of antigen 
0 1:2 1:4 1:8 1:16 1:32 1:64 
membrane - 86 4+ 4+ 3+ + + -
lysate, 78,ooo x g - 370 4+ 4+ 4+ 2+ + 
supernate Cll 
I:"" 
lysate, 105,000 x g :i> tl 
supernate - 110 4+ 3+ 2.+ + + - M - pi 
wash 1 (NaCl) 385 23 4+ 4+ 2+ + - - ;:i p.. 
Cll 
wash 2 (P04) 290 30 4+ 4+ 2+ + - -· :r:: 
0 
wash 3 (NaCl) 160 17 4+ 4+ 4+ 2+ + 0 - ~ 
wash 4 (P04) 23 4 4+ 4+ 4+ 4+ 2+ + ~ z 
wash 5 (P04), 6 (NaCl) 5,15 trace not done 
wash 7 (P04) 14 II 2+ 
wash 8 (Po
4
) 9 II 2+ 
wash 9 (H20 ) 29 
II 4+ 4+ 4+ 4+ 3+ 2+ + 
~:-pre para ti on #7 
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procedure continue to remove the D antigen from the membrane fraction 
of the streptococcal cell. Each of the washes gives a strong precipitin 
r eac tion when dilute d from its zero concentration of 1 mg/ml. The 
strength of the reaction in the final water wash indicates clearly that the 
antig en is being re Leased from the membrane. 
Figure 2 is an electron micrograph of the membrane material re-
maining after the series of 9 washes {Fig. l). It is apparent that after 
this tr e atment the material bears Little resemblance to the structure of 
a protoplast membrane. 
Two additional membrane preparations {Nos. 3 and 4) were isolated 
from exponentially growing cells, one by direct Lysis of the cells by 
Lysozyme, and the other by the release of protoplasts by Lysozyme. 
These were washed a total of 12 and 14 times respectively (Shockman 
::_t ~l., 1963). Neither of these preparations gave a positive test for the 
D antigen. It appears thereby that extensive washing may eventually 
remove the antigen from the membrane fraction. 
Further investigations on this point were carried out as follows: Log 
phase cells and threonine depleted stationary phase cells were converted 
into protoplasts by Lysozyme in sucrose-phosphate solution, the proto-
plasts were washed with sucrose-phosphate by means of 1800 x g cen-
trifugation and then Lysed by dilution. The Lysate was again centrifuged 
at 1800 x g to remove the few possible remaining whole cells and unlysed 
protoplasts. Thus the small quantity of contamination of the subsequent 
fract i on with whole cells, unlysed protoplasts, and digested wall frag-
ments was greatly reduced. The protoplast Lysate was then centrifuged 
at 25, 000 x g in order to selectively sediment membranes which were 
washed, in this instance, only once with water. By this method, it was 
found that the membranes of both Log phase and threonine depleted cells 
and both water washes contained antigen. The 25, 000 x g supernate, 
afte r sedimentation of the membranes, contained antigen also. In both 
cases, this was completely removed by centrifugation at 105, 000 x g, 
indicating that the membranes were probably incompletely sedimented 
by the Lower force. 
Figure 3 shows a membrane present in the material obtained by di-
rect lysis of Log phase cells as described in the preceding paragraph. 
The membrane appears to be intact. 
These results indicate that a part of the D antigen is separated from 
its association with the membrane by a single washing in water, whereas 
the remainder of the antigen continues to be associated with the mem-
brane even after a Long series of washes. 
The total quantity of nucleic acid released by a series of washes is 
given in Tab Le 2. The intensity of the precipitin test does not appear to 
be related to the nucleic acid concentrations, although a variation of 
1 7-fold occurred (wash 1 and 4). This indicates that the antigen is not 
associated with the cytoplasmic nucleic acid of the cell. 
The above results were obtained by use of a single batch of antisera 
{USPHS). Four other anti-D rabbit sera were used in order to be cer-
tain the positive precipitin tests were due to a specific combination of D 
antigen and antibody, rather than a nonspecific reaction due to a particu-
lar component associated with the antiserum. Var i ous cellular fractions 
were tested. In each case perfect correlation was obtained with the 
Figure 2. Electromicrograph of protoplast membrane 
material remaining after treatment according to Fig. 1. 
Figure 3. Electromicrograph of protoplast membrane 
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previous results. It is of interest al so to point out that these 4 sera 
e ach represent an antiserum against a strain which is a member of one 
of four major groups of str e ptococci in group D, i.e., ~· liquefaciens, 
~· zymogenes, .§_. durans, and~· fa e calis. It is consequently unlikely 
that the precipitin reactions obtained are due to a type antigen, the anti-
body o f which is common to all five of the antisera used. Each of the 
sera have also b een tested against extracts of streptococci belonging to 
at lea st 4 other serological groups. No positive precipitin reactions 
were obtained. 
As a further check on the sp e cificity of the precipitin reactions ob-
tained with the anti-D sera , two serum samples were each adsorb e d with 
a strain of group D streptococ cus, othe r than that used in the prepara-
tion of the serum . The Lack of a precipitin reaction between the serum 
and its homolo gous strain show s that the adsorption of the anti-D globulin 
was complete. This ads o rbed serum did not give a positive precipitin 
reaction when tested with extracts of various cell fractions Listed in 
Tables 1 and 2. 
DISCUSSION 
The results of these exp e rime nts indicate that the group D strepto-
coccal antigen is present in a nonwall particulate fraction that, at Least 
in part, can be sedimented at 105, 000 x g. Furthe rmore, evidence is 
presented that the release of antigenic activity to the supernate is not 
associated with the release of ribosomal RNA and that the sedimentable 
a ntigen is either part of, or associated with, protoplast membranes 
isolated and purified after osmotic rupture of protoplasts. However, it 
is equally clear that either (1) not all of the antigen is associated with 
membrane, (2) the antigen can be somewhat selectively removed from 
the membranes by washing arid centrifugation·· procedures or, (3) in the 
purification process, the fragile membranes tend to fragment or disso-
ciate into smaller and smaller pieces, becoming more and more difficult 
to sediment at the forces used. 
The complete removal of antigen from two of the membrane prepara-
tions (Nos. 3 and 4), which were somewhat more extensively washed 
would favor interpretations (1) or (2). It should be remembered, how-
ever , that in addition to the 2 to 4 additional washings received, these 
preparations differ from the others in physiological age of c ells from 
which they were isolated. In addition, one of these membrane prepara-
tions (No. 3) was isolated after direct Lysis of cells rather than with the 
intermediate formation of protoplasts. 
It is, of course, possible that the antigen is synthesized either on 
the membrane or at some Location other than the membrane but is only 
transiently present in the membrane fraction. Thus in actively growing 
and synthesizing culture the bond between antige n and membrane might 
be more Labile. Physiological and nutritional conditions have been shown 
to influence the amount of group antigen extractable from several group 
D streptococci (Medrek and Barnes, 1962). 
However, the known friability of protoplast membranes would favor 
interpretation (3). Mitchell and Moyle (1957) found that when a proto-
plast membrane fraction of ~· ~ was washed it disintegrated into 
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small particles morphologically and enzymatically similar to their 
"small particle fraction" obtained by mechanical disruption. In addition, 
Godson ~t ~L. (1961) found that membrane material from Bacillus mega-
terium could be separated into two distinct macromolecular components 
by either very brief sonic oscillation or by control of the ionic environ-
ment. Fragmentation of our membranes during washing and centrifuga-
tion was found to occur in a somewhat erratic manner (compare Figs. 2 
and 3), and some observations (unpublished) indicate the possible frac-
tionation of these membranes. The reasons for the greater fragmenta-
tion of one preparation as compared to another are not yet known. It 
should be mentioned here that the over-all yield of isolated membranes 
has never exceeded 60% of that calculated to be present in the whole cells 
{Shockman et al., 1963; Toennies et al., 1963) and most often the yields 
are far Low;r {10 to 25% of expect;-d yield). We are therefore inclined to 
believe that in the unfractionated cell the antigen is a part of the mem-
brane, and that the isolation procedures used are not gentle enough for 
the maintenance of the integrity of this delicate structure. 
Little definitive information exists on the chemical nature of the group 
D antigen. Elliott (1960) reported that material possessing group D 
activity was composed of 15-45% glucose and 1-5% rhamnose and hex-
osamine. A later report (Elliott, 1962) placed the glucose as 25-30% and 
included phosphorus (2-5%) and glycerol (no determination made). A 
sample of glycerol teichoic acid isolated from S. faecalis by Baddiley 
was tested by Elliott (1962) and found to react wUh group D antiserum. 
Teichoic acid from the wall of S. faecalis is a ribitol compound, whereas 
the intracellular teichoic acid i-; a glycerol compound (Baddiley, 1962). 
The teichoic acids of some species of Lactobacillus, Bacillus, Strep-
tococcus, and Staphylococcus are found in both the cell wall and the 
intracellular contents of the cell. Intracellular in this context means a 
Location other than the cell wall and would include the protoplast mem-
brane. In other species of these genera, the teichoic acid may be found 
at either Location, or in other species not at all (Baddiley and Davison, 
1961). In all cases, glycerol teichoic acid has only been found intra-
cellularly (nonwall). 
Baddiley (1962) states that unpublished results from his Laboratory 
show that in Bacillus megaterium the teichoic acid is situated between 
the cell wall and the protoplast membrane. The membrane of protoplasts 
which were released by Lysozyme did not co_ntain any teichoic acid. It is 
clear from the present results that 3 purified membrane preparations 
isolated under similar conditions from ~· faecalis do contain group D 
antigen. 
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Note added in proof, 23 July: 
Recently, in very brief r e ports, Shattock and Smith (J. Gen. Micro-
bial. 1963. 31, iv) and Hay, Wicken, and Baddiley (Biochim. Biophys. 
Acta 1963. 2.!.:188) have concluded from their results that the group D 
antigen and th e intracellular glycerol teichoic acid of Streptococcus 
faecalis is Located between the cytoplasmic membrane and the cell wall. 
Thus far, we have been unable to obtain a sypernate of the lysozyme 
hydrolysate of the cell wall that we can be certain is reasonably free of 
membrane and cytoplasmic contents . Our results do seem to be in sub-
stantial agreement with those of Hay ~t ~L. (1963) in that most of the 
glycerol teichoic acid that remained with the protoplasts of Bacillus 
megaterium was associated with the membrane fraction. 
Baddiley et al. (Bio chem. J. 1963. 87:54-62; J. Gen. Microbial. 1963. 
l!,:231-240) ha~ recently established the structure of the intracellular 
teichoic acid of group D streptococci, and its identity with the group D 
antigen. 
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PATHWAYS OF PHOSPHOENOLPYRUVATE SYNTHESIS 
IN GLYCOGENESIS
1 
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ABSTRACT. It is proposed that the pathway of P-enolpy-
ruvate synthesis from pyruvate in liver gluconeogen-
e s i s i n m o s t s p e c i e s i s vi a an ab b r e vi a t e d di c ar b ox y ( i c 
acid shuttle involving only two reactions as shown be-
low: Mgz+ 
Acetyl CoA 
Pyruvate + C02 + ATP > oxaloacetate + ADP + Pi (1) 
Oxaloacetate + GTP 
Mn2 + 
----~> P-enolpyruvate + GDP + C02 (2) 
In vitro experiments utilizing the highly purified en-
zymes, pyruvate carboxylase and P-enolpyruvate car-
boxykinase, which catalyze Reactions 1 and 2, respec-
tively, show that P-enolpyruvate formation from pyru-
vate is easily accomplished. In addition, the tissue 
Levels of the two enzymes, affinities for their sub-
strates, tissue distributions and intracellular distri-
butions are all consistent with the above pathway as a 
major route of biosynthesis. The previously considered 
pathways for P-enolpyruvate synthesis, reversal of the 
pyruvic kinase reaction and a di carboxylic acid shuttle 
involving ma late as an intermediate are considered to 
be less favorable routes on the basis of one or more 
of the foregoing c ri teria. 
The general significance of the four sets of reactions 
where glyconeogenesis does not parallel glycolysis is 
discussed especially as possible loci of control of the 
d i r e c t i o n o f m e t a b o l i c f 1 o w . T h e g e n e r a 1 m e th o d o 1 o g y 
and problems of evaluating alternate pathways are also 
considered. 
The series of enzymatic reactions which leads to the formation of 
pyruvate or lactate from carbohydrate precursors was one of the first 
group of sequential reactions to be recognized as a metabolic pathway 
and this particular segment of metabolism is still probably the best 
1 This work was supported in part by the U. S. Atomic Energy Commis-
sion, Contract No. AT-(30-1)-1050. 
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understood of all such schemes o r pathways. The mechanisms of action 
of almost all of the individual enzymes of this group have been studied in 
considerable detail and at Le ast some information is available concerning 
possible modes of interaction among the enzymes. The reverse of the 
glycolytic process, gluco- or glycogenesis from pyruvate or Lactate was 
clearly recognized by Cori and Cori {1929) as a process important to the 
. chemical economy of the animal. Despite the early recognition of the 
over-all reaction and the relatively abundant information available con -
cerning the catabolic pathway, an understanding of the corresponding 
biosynthetic pathways has been achieved but slowly. This apparent 
anomaly probably arises partially from the inherent difficulties of ender-
gonic processes but also from the general belief held by biochemists for 
many years after the demonstration of the glycolytic scheme that glyco-
genesis was essentially a reversal of glycolysis. According to more 
recent knowledge, this view is only partially correct-a number of 
glycolytic enzymes do appear to be common to both synthesis and break-
down but there is now substantial evidence which suggests that four of the 
steps Leading to glucose or glycogen synthesis may be different from the 
corresponding glycolytic reactions. 
Scheme 1 
Comparison of Carbohydrate Synthesis and Breakdown 
~Glucose-1-P · Glycogen 
~1~ 









Oxaloacetate ~; } ' 
Pyruvate J 
As indicated in Scheme 1, the reactions between fructose-1, 6-diP and 
P-enolpyruvate appear to be readily reversible as has been demonstrated 
with model systems containing the appropriate glycolytic enzymes, P-
enolpyruvate, ATP and DPNH (Krimsky, L959 ; Mendicino and Utter, L962) . 
On the other hand, it has been recognized for many years that the two 
kinase reactions Leading to the formation of glucose-6-P and fructose-
!, 6-diP are essentially irreversible under physiological conditions and 
that the reverse reactions probably proceed by specific phosphatases. 
More recently, a substantial body of evidence has been presented which 
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suggests that glycogen can be synthesized from glucose-1-P by a path-
way involving uridine diphosphoglucose (UDPG) (Leloir and Cardini, 
1957). As indicated by the dotted arrow, the phosphorylase reaction is 
reversible, but the synthesis of glycogen from glucose-1-P occurs under 
conditions where the equilibrium of this reaction should favor glycogen 
breakdown, e.g., at high concentrations of Pi (Leloir ~t ~L., 1959). 
These observations Led to the suggestion that glycogen synthesis may 
occur by some route other than phosphorylase and the pathway involving 
UDPG provides an attractive solution for this problem. 
The present discussion is concerned principally with studies which 
suggest that the pyruvate - P-enolpyruvate reaction may constitute a 
fourth by-pass in glycogenesis. Looking at Scheme 1, it is interesting 
to note that all four of the proposed by-passes involve reactions in which 
phosphorylation or dephosphorylation occurs. 
Dicarl::oxylic Acid Shuttle 
The conversion of P-enolpyruvate to pyruvate in glycolysis is cata-
lyzed by the enzyme, pyruvic kinase (Re action 1). 
+ 2+ 
P-enolpyruvate + ADP 
K, Mg 
Pyruvate + ADP + H+ ( 1) 
The reversibility of this reaction was clearly established by Lardy and 
Ziegler (1945) but the physiological significance of the reversibility was 
questioned (Krebs, 1954) because the equilibrium of Reaction 1 Lies far 
to the right. The apparent Keq has been estimated to be of the order of 
10 3 {Krimsky, 1959; McQuate and Utter, 1959) if the H+ is ignored in 
the calculations. This basis for discounting the significance of pyruvic 
kinase in P-enolpyruvate synthesis is not a particular Ly sound one since 
the maintenance of a sufficiently high ATP/ ADP ratio through coupling 
with other reactions would still permit P-enolpyruvate synthesis from 
pyruvate. 
The possibility that P-enolpyruvate might be formed by a pathway 
other than pyruvic kinase was first raised by the finding of Kalckar 
(1939) that kidney preparations could form P-enolpyruvate from malate 
and fumarate. These r esult s Led Lipmann (1941) to speculate that the 
fumarate-malate-oxaloacetate series of reactions might have a counter-
part in which Pi replaced H 20 Leading to the formation of P-enoloxalo-
acetate and P-enolpyruvate. Attempts to demonstrate such a pathway 
were entirely unfruitful but the demonstration of the P-enolpyruvate 
carboxykinase reaction (Reaction 2) (Utter and Kurahashi, l 954a) offered 
a satisfactory explanation at the enzymatic Level for the formation of P-
enolpyruvate from dicarboxylic acids. 
Oxaloacetate + GTP 
or ITP 




The existence of Reaction 2 led to the hypothesis (Krebs, 1954; Utter 
and Kurahashi, 1954b) that pyruvic kinase might be by-passed as shown 
in Scheme 2. 
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Scheme 2 













The equilibrium of the over-all reaction comprising this 11 shuttle" {Re-
action 3) Lies far to the left {Kreb s, 1954) and is no more favorable for 
P-enolpyruvate synthesis than the pyruvic kinase reaction. By coupling 
with other reactions which maintain a high TPNH/ TPN+ ratio and/ or a 
Low DPN+ / DPNH ratio, Reaction 3 could proreed to the right, but it is 
Pyruvate + GTP + TPNH + DPN+ :;::- P-enolpyruvate_ + GDP+ TPN+ + DPNH 
{3) 
apparent that there is Little to distinguish the two possible pathways of 
P-enolpyruvate production in terms of over-all energetic properties. 
The relative physiological importance of the two pathways must be inter-
preted with the aid of other types of information. 
Comparison of Pyruvic Kinase and the Dicarboxylic Acid Shuttle as 
Possible Routes of P-enolpyruvate Synthesis 
Several years ago, studies were instigated in this Laboratory aimed 
at evaluating the relative significance of the two known pathways of P-
enolpyruvate formation from pyruvate. There is no single decisive 
method for solving problems involving alternate metabolic routes but 
several different approaches may yield useful information. For con-
venience, these may be classified as follows: {l) isotopic-in instances 
where one or both pathways can be predicted to yield a distinctive Label-
ing pattern in the product, use of Labeled substrates may aid in distin-
guishing between the pathways, (2) model systems-in situations where 
two or more enzymes are involved in a pathway, a study of the inter-
action of the components of the system may provide useful information, 
{3) kinetic studies-by estimating the total amount of enzyme concerned 
with a specific pathway and defining the optimal conditions for the action 
of the enzyme, it is possible to calculate the potential maximal activity 
of the enzyme so that this value may be compared with the rate of the 
over-all reaction. When the affinities of the enzyme for its substrates 
are known together with in vivo concentrations of these substances, a 
consideration of these relationships as well as comparable considera-
tions of optimal and in vivo pH, temperature and other pertinent factors 
can Lead to a more refined calculation of the rates of .reaction under 
physiological condition. It is appa rent that both types of calculations, 
particularly the Latter, are subject to many errors, {4) distribution of 
activities-the comparison of the tissue and intracellular distributions 
of enzymes relevant to specific pathways with the actual Location of the 
over-all pathway may prove of considerable value. 
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ALL of the foregoing approaches have b e en applied to the question of 
the route of P-enolpyruvate synthesis from pyruvate. Let us consider 
the isotopic technique first. As shown below in Scheme 3, if P-enol-
pyruvate is formed in the pre s e nce of · C * Oz by dir e ct phosphorylation 
of pyruvate by pyruvic kinase (A), COz is not i nvolved in the reaction and 
the P-enolpyruvate will not b e Labeled. However, if the dicarboxylic 
acid shuttle is involved, C *Oz will be i ncorporated int o ma Late (B ). 
Scheme 3 
Isotopic Relationships of the PathW9:YS of 
P-enolpyruvate Synthesis 
CH3COCOOH 
1l!3 + C ':'Oz 





If malate is brought into equi librium with fumarate through fumarase 
acti on (C), the Label will become equally distributed between the two 
carboxyls of malate and the oxaloacetate subsequently formed by (D) will 
also be Labeled in this way. The P-enolpyruvate obtained by the action 
of P-enolpyruvate carboxykinase (E) will thus be Labeled in the carboxyl 
group. It is not convenient ordinarily to examine P-enolpyruvate for its 
Labeling pattern but glycogen or glucose can be used as an i ndicator of 
P-enolpyruvate Labeling even in whole animals. If the pyruvate kinase 
were solely involved i n P-enolpyruvate synthesis, the glycogen would be 
expected to be unlabeled . On the other hand, if the dicarboxylic acid 
shuttle were the sole route of P-enolpyruvate synthesis and the random-
ization reaction (C) is rapid compared with the remaining reactions, the 
hexose unit of glycogen should be Labeled in the 3 and 4 positions. By a 
similar Line of reasoning if pyruvate 2-C14 is converted to glycogen, the 
pyruvic kinase pathway should Label the hexose unit of glycogen in the 
2, 5 positions while the dicarboxylic acid pathway should Lead to a 1, 2, 5, 
6 Labeling of the hexose unit. 
An impressive body of isotopic evidence is available which is in ac-
cord with the hypothesis that the major part of glycogen synthesized 
from Lactate or pyruvate passes through a symmetrical series of re-
actions involving COz fixation. Solomon ~t ~L. (1940) showed that con-
siderab Le amounts of C*Oz were incorporated into glycogen during syn-
thesis of the Latter compound from Lactate and this observation has been 
verified in a variety of ways (e.g. Wood ~ ~L., 1945; Topper and Hast-
ings, 1949; Lorber ~ ~L., 1950). Topper and Hastings (1949) using pyru-
vate-2-Cl4 and Lorber ~t ~L. (1950) using various types of Labeled lactate 
showed that the position of the Labeled carbon in glycogen indicated that 
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a major part of the pathway involved a randomization process such as 
the dicarboxylic acid shuttle. It could b e calculated that 80-85% of the 
glycogen had passed through such a randomizing pathway. More recently 
Hoberman and d'Adamo (1960a) using Lactate doubly Labeled with D and 
C
14 
at carbon 2 studied the formation of glycogen in fasted rats. They 
found that deuterium was incorporated into th e 6-position of glycogen, 
a finding which is also consistent with a pathway Leading from lactate 
through ma late with the Latter acquiring deuterium via a pyridine nucleo-
tide mediated transfer from lactate. In the same experiments , C 14 was 
incorporated into the 5 and 6 positions of glycogen (presumably also into 
1 and 2 but these positions were not examined). A comparison of the 
relative Labeling of the 5 and 6 positions showed that about 65-70% of the 
lactate entered glycogen via a randomizing pathway, a value slightly 
lower than found in the earlier experiments . 
Although the isotopic experiments are fully consistent with the inter-
pretation that 65-85% of glycogen is formed from lactate by the dicar-
boxylic acid shuttle and 15-35% by pyruvic kinase, a closer examination 
of Scheme 3 shows that other explanations of the above data are possible. 
For example , Let us assume that all net formation of P-enolpyruvate 
occurs via pyruvic kinase (A) but that a very rapid equilibrium of P-
enolpyruvate with fumarate is possible via Reactions E, D and C. In this 
case, despite the fact that P-enolpyruvate originated from the pyruvic 
kinase reaction, it would undergo a series of randomization and C02 fix-
ing reactions which would lead to the results which have been observed. 
Likewise, the 15-35% of glycogen arising by a nonrandomizing pathway 
need not be attributed to pyruvic kinase. Even if P-enolpyruvate arises 
exclusively via the dicarboxylic pathway, the degree of randomization 
which will be observed depends on the relative rates of reactions C and 
D. If the former reaction is not sufficiently rapid, P-enolpyruvate aris-
ing from this path will not be completely randomized. 
It is apparent that isotopic experiments alone cannot furnish a defini-
tive solution to the question of the relative quantitative significance of 
alternative pathways where the pathways involved constitute a closed 
reversible system as is the case here. 
Other information concerning the feasibility of the pyruvic kinase and 
dicarboxylic shuttle pathways of P-enolpyruvate formation has come 
from studies of model systems. The physiological significance of pyruvic 
kinase in P-enolpyruvate synthesis was questioned originally on the basis 
that the equilibrium :for the reaction Lies far toward pyruvate. As was 
pointed out earlier, this objection is not valid if the pyruvic kinase re-
action can be coupled with other reactions sufficiently exergonic in char-
acter to overcome the disadvantageous equilibrium. Krimsky (1959) has 
been able to show that such coupling is possible. He was able to form 
fructose-1, 6-diP from pyruvate with a reconstituted system of purified 
glycolytic enzymes including pyruvic kinase and liver mitochondria. The 
formation of fructose-!, 6-diP in this system was dependent on the pres-
ence of pyruvic kinase. These experiments show that mitochondria 
carrying out oxidative phosphorylation can maintain a sufficiently high 
ATP/ ADP ratio to allow the pyruvic kinase reaction to proceed in the 
reverse direction. 
As mentioned earlier, the synthesis of P-enolpyruvate from pyruvate 
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via the dicarboxylic acid shuttle {Reaction 3) is also ene rgetically un-
favorable and the question can also be asked for this system whether 
other e x ergonic reactions can be coupled successfully with Reaction 3. 
Using a model system compri s e d of purified malic enzyme, malic de-
hydrogenase and P-enolpyruvate carboxykinase, it has been possible to 
demonstrate P-enolpyruvate synthesis from pyruvate {Pennington and 
Utter ; Utter, L 959) when TPNH is provided by glucose-6-P dehydrogenase 
(Reaction 4) and DPNH is removed by diaphorase (Reaction 7'). The 
sequence of reactions is shown below with malic dehydrogenase and P-
enolpyruvate carboxykinase together carrying out Reaction 6. 
Glucose-6-P + TPN+ - 6-P-gluconate + TPNH + H+ {4) 
TPNH + C02 + Pyruvate - L-Malate + TPN+ (.5) 
L-Malate + DPN+ + ITP - P-enolpyruvate + C02 + DPNH + IDP (6) 
DPNH + Methylene B Lue - DPN+ + Reduced Methylene B Lue {7) 
Experiments with model systems such as those just described cannot 
e stablish the physiological significance of pathways but they do provide 
evi dence of the compatibility of multi-enzyme systems. In the present 
instance these experiments also illustrate the futility of attempting to 
evaluate pathways on the basis of energetic characteristics. 
Applications of tracer techniques and model systems to the question 
under consideration-the physiological significance of pyruvate kinase 
and the dicarboxylic acid shuttle in P-enolpyruvate synthesis-yield in-
conclusive results since both pathways appear feasible by these criteria. 
Still another approach is to try to gain an idea of the activity of the key 
enzymes of the two pathways in Liver. It if can be shown that the maxi-
mal possible activity of any of these enzymes is much Less than the rate 
of glycogen synthesis, the probability that this particular enzyme is in-
volved in the over-all process is much diminished. It is to be noted that 
while the finding that an enzyme is inadequate in terms of potential acti-
vity can cast serious doubt on the significance of the pathway containing 
that enzyme, the converse finding-that an enzyme is present in adequate 
amounts-does not go very far toward establishing the significance of the 
pathway. This criterion, Like all the others discussed here, is useful 
only in a negative sense, i.e., valid negative findings can eliminate 
pathways. 
We have carried out a fairly extensive number of determinations in 
our Laboratory aimed at establishing the approximate Levels of activity 
of pyruvic kinase, P-enolpyruvic carboxykinase and malic enzyme in 
Liver. Some representative results with chicken and rat Liver are given 
in Table 1. The values are calculations of the Levels of activities under 
approximately optimal~ conditions. For purposes of comparison 
with the values of Table 1, the rate of pyruvate ·conversion to glycogen in 
rat Liver has been estimated to be in the rate of 1 µmole of pyruvate per 
min/g of Liver (Solomon~<:.!·, 1940). An examination of Table 1 sug-
gests that the potential activity of pyruvic kinase Lies far below this 
required rate while the enzymes of the dicarboxylic acid shuttle are in a 
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Table I. Maximal activity of enzymes concerned with P-enolpyruvate 
formation. 
Pyruvic P-eno lpyru vate Malic 
Tissue kinase carboxykinase enzyme 
Chicken liver .05 25 1. 5 
Rat liver .02 3. 1 1. 25 
The above activities are given as µmoles / min/ g wet weight at 38° 
as follows: pyruvic kinase, P-enolpyruvate formation from pyruvate 
and ATP .; P-enolpyruvate carboxykinase, P-enolpyruvate formation 
from oxaloacetate and ITP; malic enzyme, malate formation from 
pyruvate. The chicken Liver assays were carried out on the super-
natant fraction from tis sues homogenized in . 01 . M phosphate buffer 
and then centrifuged at 8000 x g. The values for rat Liver were ob-
tained using extracts of acetone dried powders. 
reasonable range. It is necessary, however, to make a number of quali-
fying remarks concerning this sort of experimentation in general and 
these experiments in particular. First, ass a y s for the three enzymes 
under consideration can be carried out conve ni ently only in the direction 
away from P-enolpyruvate or ma late synthesi s. Therefore, it has been 
necessary to calculate the values in the desired direction from ratios of 
forward to reverse reactions obtained from experiments with purified 
enzymes. This additional operation which is required to obtain the values 
shown in Table I introduces the possibility of considerable error. Sec-
ondly, the estimation of the total activity of any enzyme in a tissue is a 
difficult task since the preparative procedures required may either in-
activate the enzyme or fail to release it in a form amenable to the assay 
procedure. In addition, assays in crude extracts may be complicated by 
other interfering reactions while purification of the enzyme to obviate 
this difficulty may involve Losses of the enzyme. Finally, the assump-
tion is inherent in such assays that all of the substances and environ-
mental factors necessary for activity are known. This assumption is 
probably reasonable as far as the substrates are concerned but numerous 
examples are now known of nonsubstrates which have profound influences 
on the catalytic actiyity of enzymes. It is possible that one or more of 
the above reactions may be influenced by an as yet unrecognized factor. 
Bearing the foregoing reservations. in mind, the results shown in 
Table I suggest that the pyruvic kinase pathway is not likely to contribute 
significantly to P-enolpyruvate synthesis while the situation seems some-
what more promising with the enzymes of the dicarboxylic acid shuttle. 
Additional information is available concerning the apparent Km value for 
the substrates of these three enzymes {Table II). The most striking 
figures are the requirements for high concentrations of pyruvate for 
pyruvic kinase and NaHC0 3 for malic enzyme. The value shown for 
pyruvate in Table II was determined using pyruvic kinase from muscle 
for the synthesis of P-enolpyruvate from pyruvate and ATP {McQuate 
and Utter, 1959). The same value was reported by Rose {1960) using a 
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Table II. Km values for substrates of enzymes involved in 
P-enolpyruvate formation 
Enzyme Substrate Km 
Pyruvic kinase ATP 8.6x10-4 M 
Pyruvate -2 xlO M 
P-enolpyruvate carboxykinase Oxaloacetate 3 x lo- 5 M 
ITP l.75xl0-4 M 
GTP 1. 5 x 10-4 M 
Malic enzyme Pyruvate 1.2 x lo- 3 M 
TPNH x 10- 5 M 
NaHC03 3. 5 x 10-
2 M 
very different sort of assay, the labilization of tritium from pyruvate. 
This Km value of 1 X io-z M appears to be far in excess of physiological 
concentrations of pyruvate. It should be recalled that the calculation of 
maximal activity shown in Table I was based on the activity expected 
with optimal concentrations of pyruvate. The observed Km value would 
suggest that the in vivo activity might be much Lower than that shown in 
Table I. The same argument may be applied to a Lesser extent to the 
Km for NaHC0 3 for malic enzyme (3. 5 X 10- 2) since this value appears 
to be slightly above physiological levels. Consequently, the actual Level 
of malic enzyme activity might be expected to be Less than half the values 
shown in Table I even if all other conditions are favorable. ALL of the 
remaining Km values in Table II appear to be reasonably or markedly 
favorable. · 
Although the kinetic data are subject to various shortcomings as 
discussed above, if the preceding values are conceded to establish the 
general activity of the principal components of the two pathways for P-
enolpyruvate synthesis, sever.al conclusions may be drawn. First, the 
pyruvic kinase activity in Liver is far too Low in the direction of P-
enolpyruvate synthesis to be commensurate with a major role for this 
enzyme in glycogen synthesis. From similar data, the possible partici-
pation of malic enzyme in glycogenesis must be considered to be mar-
ginal since the estimated optimal and physiological activities of this 
enzyme in Liver are in the range of the over-all reaction. .Of the three 
concerned, only P-enolpyruvate carboxykinase satisfies the kinetic cri-
teria comfortably. 
The final approach to the evaluation of the roles of pyruvic kinase and 
the dicarboxylic acid shuttle pathways in P-enolpyruvate formation Liver 
was an examination of the intracellular Location of the pertinent enzymes. 
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This approach is relatively uncomplicated compared with the preceding 
ones but yielded decisive although unexpected results. The findings are 
summarized in Table III. By use of standard centrifugal techniques, it 
Table III. Intracellular distribution of enzymes concerned with 
P-enolpyruvate synthesis. 















was found that mitochondria from chicken Liver contained only trace 
amounts of pyruvic kinase and malic enzyme (Utter, 1959). Sinc e the 
first of these two enzymes is responsible for the pyruvic kinase pathway 
of P-enolpyruvate synthesis and malic enzyme is an integral part of the 
dicarboxylic acid shuttle pathway, we were very surprised to find that 
mitochondria which Lacked these enzymes could still form significant 
amounts of P-enolpyruvate from pyruvate (Mendicino and Utter, 1962). 
It had been previously reported that sheep kidney particles (Bartley, 
1954) and Lamb liver mitochondria (Bandurski and Lipmann, 1956) can 
form small amounts of P-enolpyruvate from pyruvate but it was not es-
tablished whether these preparations contained pyruvic kinase or malic 
enzyme. 
The finding that liver mitochondria could carry out over-all reaction 
of pyruvate to P-enolpyruvate in the absence of significant amounts of 
pyruvic kinase and malic enzyme strongly suggested that neither of the 
pathways of P-enolpyruvate synthesis which had been under considera-
tion was correct, at Least as formulated. On the basis of these results, 
we were Led to examine liver mitochondria for the presence of further 
enzymatic mechanisms concerned with P-enolpyruvate synthesis. 
Pyruvate Carboxylase and the Abbreviated Dicarboxylic Acid Shuttle 
Re-examination of Liver mitochondria revealed another very active 
C02-fixing enzyme which can form oxaloacetate from pyruvate (Reaction 
8) (Utter and Keech, 1960). 
Pyruvate + NaHC03 + ATP 
Acetyl CoA '" Oxaloacetate + ADP+ Pi (8) 
The enzyme responsible for this reaction, pyruvate carboxylase, has 
been concentrated about 100-fold from chicken Liver extracts and the 
general properties of the reaction (Utter and Keech, 1963) and the en-
zyme (Keech and Utter, 1963) have been described. The most striking 
observation concerning this enzyme is its complete dependence on acetyl 
CoA although this substance participates only in a catalytic role. Pyru-
vate carboxylase is inhibited by avidin and contains sizeable amounts of 
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biotin and thus appears to b e long to the group of biotin-containing en-
zymes which fix C02 (Flavin and Ochoa, 1957 ; Wakil, 1958; Lynen ~t ~L. 
1959) or transfer C02 (Swick and Wood, 1960). 
When coupled with P-enolpyruvate carboxykinase (Reaction 2), pyru-
vate carboxylase should be able to carry ou t the synthesis of P-enolpyru-
vate from pyruvate by an abbr eviated dicarboxylic acid cycle as shown 
in Scheme 4. 
Scheme 4 
Abbreviated Dicarboxylic Acid Shuttle 












The proposed new pathway is shown by the aid of soli d arrows while 
the pathways which have been considered previously are indicated with 
dott e d Lines. 
The over-all reaction for the abbreviated dicarboxylic pathway is 
shown in Reaction 9. 
Pyruvate +ATP + GTP - P-enolpyruvate +ADP + GDP + Pi (9) 
It will be noted that this reaction requires the participation of two mole-
cules of nucleoside triphosphate while the previously considered reac-
tions for P-enolpyruvate synthesis (Reactions 1 and 3) required only a 
single molecule of nucleoside triphosphate. The energetic relationships 
of Reaction 9 are favorable for P-enolpyruvate synthesis witho•.it the need 
for coupling with other exergonic reactions. This situation is thus unlike 
that e xisting with the other two pathways. 
Since a new route of P-enolpyruvate formation from pyruvate is pro-
posed in Scheme 4, it seems only fair to examine this hypothesis by the 
same criteria which were applied to the pyruvic kinase and dicarboxylic 
aci d shuttle pathways_ 
A re-examination of the isotopic evidence discussed in connection with 
Scheme 3 in the light of the newly proposed abbreviated dicarboxylic 
acid shuttle is not particularly helpful since the isotopic evidence can as 
easily be rationalized to fit the new pathway as the previously considered 
routes. It will be recalled that the isotopic evidence suggests that a 
major portion but not all of the pyruvate converted to glycogen passes 
through a symmetrical compound, e.g. fumarate. If pyruvate is first 
converted to oxaloacetate as suggested in Scheme 4, the degree of ran-
domization which will be detected in glycogen will depend on the relative 
rates of conversion of oxaloacetate to glycogen and the reversible series 
of reactions Leading to fuma rate. If the Latter reactions are rapid, 
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extensive randomization will occur. At present there is no real basis 
for comparing the relative rates of the malate-oxaloacetate interconver-
sion with glycogen formation but Hoberman and d'Adamo (l 960b) have 
presented evidence that the malate-fumarate reaction is very fast com-
pared with the conversion of malate to glycogen. 
The second criterion involves the use of model systems. According 
to Scheme 4, the two enzymes, P-enolpyruvate and pyruvate carboxylase, 
should be able to synthesize P-enolpyruvate from pyruvate in the pres-
ence of the appropriate substrates. Experiments with m ixtures of the 
two highly purified enzymes showed that P-enolpyruvate synthesis is 
accomplished and that no coupled reactions or special conditions are 
required (Keech and Utter, 1963). Such experiments demonstrate the 
compatibility of the two enzymes in terms of a common reactant, oxalo-
acetate, and in terms of other conditions. 
The third criterion was concerned with the amount of the enzymes 
present in the tissue and the affinity of the enzymes for their substrates. 
Substantial amounts of P-enolpyruvate carboxykinase are present in Liver 
(Table I) and the amount of pyruvate carboxylase in chicken liver appears 
to be sufficient to catalyze the conversion of 15 µmoles of pyruvate to 
oxaloacetate per min/ g tissue, a rate which appears to be far in excess 
of the over-all rate of glycogen synthesis. The sub st rate requirements 
for P-enolpyruvate carbosykinase were already shown in Table II to be 
consistent with physiological concentrations and as shown in Table IV 
the situation is also very favorable for pyruvate carboxylase. 
Table IV. Km values for pyruvate carboxylase 
Substrate Km 
Pyruvate 4 x 10- 4 M 
NaHC03 l x 10-
3 M 
ATP 3xlo-5M 
Acetyl CoA 2xl0- 5 M 
Especially noteworthy is the Low value for NaHC03 which is only about a 
thirtieth as high as that for malic enzyme (Table II). Thus, in terms of 
potential Level of enzymatic activity and substrate requirements, the two 
enzymes of the abbreviated dicarboxylic acid shuttle pathway appear to 
be well suited for a major role in glycogen synthesis. 
Finally, there is the question of tis sue and intracellular location. 
Pyruvate carboxylase occurs in association with the particulate, presum-
ably mitochondrial, fraction of chicken liver. The enzyme has also been 
found in high concentration in all other varieties of liver tissues tested 
thus far; bovine, rat, rabbit and frog. The enzyme also appears in kid-
ney but has not been demonstrated in brain, skeletal muscle or heart. 
The distribution of the enzymes of the abbreviated shuttle among tissues 
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thus c oinc i d e s with the ability of the tiss ues t o fo rm glycogen frompyru-
vate. T hi s is in con trast t o mali c e nzyme and pyruv i c kinase which 
appear t o b e present in m o s t t i ssues {Utte r , 1959). In chicken, pigeon, 
La m b and rabbit Liver as well as sheep kidney, P- enolpyruvate carboxy-
k inas e see ms to be Locate d mai nly or wholly in the m i tochondrial fraction. 
The juxtaposition of pyruvate carboxylase and P-enolpyruvate carboxy-
kinas e in the mitochondria of these tis sues plus the ability of these mito-
chondr i a to fo rm P-enolpy r uvate from pyruvate supports the thesis that 
the abbreviated d ica r b oxy lic acid shuttle may be responsible for P-enol-
pyruvate syn thesis in the s e tissues. 
Si nce all t he various c r i teria which have been applied can be met 
satisfactorily, the available evidence suggests that the abbreviated di-
ca rboxylic ac i d shuttle cons titutes a very feasible mechanism for P-
eno lpyruvate formation in many species. However, a recent preliminary 
r e port by Nordlie and L ardy {1 962) casts some doubt on the application 
of th i s h y p othe sis to certain s p ecies . ln studying the i ntracellular dis-
tribution of P -enolpyruv a te car boxyk inase, these authors found that this 
enzyme wa s Locat e d main ly in the soluble cy toplasmic fraction of rat and 
mouse Live r cells. This fin ding is in contrast to the mitochondrial Loca-
t ion of this enzyme i n othe r spe cie s. If as now seems Likely, pyruvate 
c a rboxylase is located in the mitochond r i a of rat and mouse liver cells 
a n d P-en olpyruvate carboxykin as e i s located extramitochondrially, a 
p r oble m aris e s concerning the operation of the abbreviated dicarboxylic 
acid shuttle in these species. The first part of the shuttle, the synthesis 
of ox aloac e tate, would occur in the mitochondria while the subsequent 
conve rsion of oxaloacetate to P-enolpyruvate would have to occur outside 
the mitochondria. The shuttle would thus entail the transfer of oxalo-
acetate or a derivative from the mitochondria to the soluble fraction. 
Although such a transfer may take place, the alternative hypothesis must 
be e ntertained that these species may carry out P-e nolpyruvate synthesis 
by the full dicarboxylic acid pathway {Scheme 3) since all of the required 
e nzym es are Located in the same cellular compartment. 
Control Mechanisms in Glycogenesis and Glycolysis 
As noted previously lKeaction 8), the pyruvate carboxylase reaction 
is dependent on the presence of acetyl CoA. This dependence suggests 
an attractive control mechanism for the formation of oxaloacetate and 
P-enolpyruvate. Although the evidence is still fragmentary i n most 
cases, there is some reason to believe that each of the four ste ps of 
glycogenesis which appear to involve reactions different from the cor-
responding glycolytic reaction {cf. Scheme l) may be subject to some 
kind of control mechanism. Three of the four parallel glycolytic reac-
tions have Likewise been reported to be influenced by control factors. As 
will be noted below, the various control mechanisms which have been 
implicated in these reactions vary widely in the nature of the control 
and its mode of action. It is worth noting that factors which affect the 
activi ty of the essentially "one-way" parallel steps can control the direc-
tion of metabolic flow. Factors which affect reversible reactions, on the 
other hand, can only increase or decrease the activity of the reaction in 
both directions i n most instances and therefore cannot establish direc-
tional control. 
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The glucose-1-P to glycogen interconversion is shown below in out-
line in Scheme 5. It has been we LL established that phosphorylase activity 
Scheme 5 




is controlled by a complex series of events which is triggered by hor-
monal or ele ctrical stimuli, m ediated through adenosine-3 1, 5 1-phosphate 
{Sutherland and Rall, 1960) with the eventual effect of controlling the 
amount of catalyticaUy active phosphorylase. Evidence has also been 
pres e nted by Friedman and Larner (1962) which sugge sts that the oppos-
ing reaction, the synthesis of glycoge n from UDPG, i s subj ect to a con-
trol mechanism which involves glucose-6-P and possibly insulin. 
The two kinase reactions and the corresponding phosphatase reactions 
which are shown in Scheme 6 may also b e subject to control mechanisms. 
Scheme 6 
Kinase and Phosphatase Reactions 
Fructose-6-P 
Phospho- { 
fructokinase \ ) 
Fructose-1, 6-diP 
There is abundant evidence that the hexokinase reaction is controlled 
by insulin through the effect of the hormon~ on the permeability of the 
affected cells to glucose and hence the access of glucose to the enzyme. 
The enzyme catalyzing the opposing reaction,, glucose-6-phosphatase,has 
been reported 'to be elevated in diabetes {Langdon and Weakly, 1955 ; 
Ashmore et al., 1954) and the level of the enzyme has also been reported 
to be influ-;n-;;ed by fasting (Weber and Cantero, 1954). Fructose-!, 6-
diphosphatase in rabbit liver has been reported to be elevated by prior 
cortisone treatment or by diets rich in protein or fructose (Mokrasch 
and McGilvery, 1956). R~cently, Williams ~ ~1. (1963) have found that 
fructose-!, 6-diphosphatase from yeast or . tat Liver is inhibited by low 
concentrations of AMP, but not by ADP or ATP, suggesting that the ratio 
of the adenosinemonophosphate to the di- and triphosphates may consti-
tute a feedback inhibition control of this enzyme. The corresponding 
phosphorylation reaction, phosphofructokinase has recently been reported 
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to b e stimulated by adenosine-3', 5' -P (Mans our and Mansour, 1962) and 
Passanneau and Lowry (1 962) have suggested tha t the catalytic activity of 
the same enzyme is influenced by a numb e r of factors including ATP, 
ADP and Pi . 
Although the understanding of the control mechani sms of the foregoing 
reactions is far from complete, it nevertheless seems Likely that these 
particu lar parallel reactions, including the pyruvate-phosphopyruvate 
pair, may be important sites as far as metabolic controls are concerned. 
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ELECTROPHORESIS IN STARCH GELS. 
APPARATUS FOR A 
MULTICHANNEL, CONSTANT CURRENT SYSTEM 
Dean D. Watt1 and E. C. Hannan2 
with the technical assistance of 
Rivers F. Galatas and Gerald J. Olivier 
Department of Physiological Science 
Southeast Louisiana Hospital 
Mandeville, Louisiana 
ABSTRACT . S u p e r i o r r e s o L u t i o n o f p r o t e i n s m a y b e e f -
fected by electrophoresis in gels, particularly starch 
gel. This report describes an apparatus which has been 
designed to allow constant current control to a multi-
channel electrophoresis system working into an elec-
trical Load resistance of approximately 40, 000 ohms. 
At a constant current of 5 ma, bett .er than 1% regula-
t i o n i s ma i n ta i n e d w i th va r i a t i o n s in Lo a d r e s i s ta n c e 
of 25% or greater. A diagram of the electrophoresis 
cell is also included as welt as photographs of actual 
separations of some protein fractions. 
Electrophoresis in starch gel effects a resolution which in some re-
spects is superior to results obtained with other zone electrophoretic 
techniques (Smithies, 1955, 1959). In using the starch gel technique for 
studying inheritance of serum haptoglobins, we found it was desirable to 
employ a multichannel system. Preliminary experiments demonstrated 
that a constant current system gave the most consistent and usable re-
sults for the studies being made. The apparatus described in this report 
has been designed to give a constant current supply to each channel of 
the multichannel ce LL. 
CONSTANT CURRENT UNIT 
De sign Considerations 
Circuit design: The system was designed so that it could provide four 
separate cells with a constant current of 5 milliampers when working 
into a load resistance of 40, 000 ohms with a variance in Load resistance 
of 25% or greater during the period of electrophoresis. The electrical 
1 Present address: Midwest Research Institute, 425 Volker Blvd., 
Kansas City 10, Missouri. 
Z Present address: Industrial manager, 8th Naval District, 
New Orleans, Louisiana. 
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circuit provides selective rever sal of the polarity so that adequate ionic 
concentrations may b e maintained in the bridge solutions and provisions 
are also made for monitoring the potential gradient as well as the current 
to each starch gel cell thereby enabling one to determine the electrical 
characteristics of each starch gel during the actual electrophoresis run. 
The methods applied and the electrical parameters selected in order to 
obtain satisfactory electrophoretic separations were indicated by actual 
experimental runs using the specific preparations and volume s of starch 
gel to be employed throughout the electrophor etic study. 
The multichannel system, shown schematically in Fig. 1, utilizes four 
identical regulating stages, one stage for each channel. Voltage is sup-
plied by a laboratory typ e constant-voltage direct current power supply 
of good regulation and capable of supplying 520 volts at approximately 
10 milliamperes per stage. Voltage leads from the power supply should 
operate above chassis or earth ground. The regulating stages V -1, V -2, 
V-3, V-4, employ, in a series valve arrangement, a type 6AH6 pentode 
in a triode connection (grids 2 and 3 connected to the plate)3. An adjust-
able reference voltage obtained from a voltage dividing circuit (180K, 
25K potentiometer, 33K ohms) across the regulc;i.ted input voltage is 
applied to control grids (grid no. l) of the 6AH6 vacuum tubes. This 
reference voltage is adjustable over a small range in order to compen-
sate for initial set-up, thermal circuit changes within the electronic unit 
and ageing of components. The 22K ohm resistor in the cathode circuit 
serves as a current sensing element for control purposes. 
Rotary switch, SW-lA and B, provides selectable polarity application 
to the starch cell and bridgearrangement while SW-lC changes the polar-
ity of the vacuum tube voltmeter to correspond to the polarity of the 
starch cells. Rotary switch, SW-2, provides selective monitoring of the 
current to the individual cells while SW- 3 provides selective monitoring 
of the potential gradient across each cell. Filament voltages for the 
6AH6 tubes are obtained from the regulated power supply. 
The current passing through the individual channels is measured by 
means of a 0-10 ma milliammeter of 2% or better accuracy and giving a 
center scale reading of 5 ma. A standard service type of vacuum tube 
voltmeter with a 0-150 volt scale is used for measuring the voltage drop 
along the length of the starch gel. Since the potential across the gel has 
no point in common with the applied voltage, it is necessary for the input 
terminals of the VTVM to be isolated from ground or other references. 
This isolation may :be effected by either isolating the ground terminal 
and/ or circuit(s) or by insulating the case of the instrument above ground. 
Probes, Ll -LS used to measure the voltage drop across the starch gel, 
are made from 28 gauge platinum wire which is soldered to the Lead wire 
so that 1. 5 cm of the probe may be inserted into the gel. With the ex-
ception of the ·1. 5 cm probe, all exposed sections of the lead wire are 
well insulated. 
Construction: The constant current unit is packaged utilizing standard 
19-inch relay rack mounting panels. Two separate panels · are iricorpo-
rate'd: one panel contains the e lectronic chassis and interconnecting 
cables and plugs, the other the milliammeter and vacuum tube voltmeter 
both of which a re connected to the electronic chassis by means of short 
cables and plugs. A power panel which contains the necessary switches, 
3 R. C.A. Tube Handbook, HB- 3, 5-6. Entry for 6AH6 vacuum tube. 
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Figure 1. Schematic diagram of current regulator and interconnections. 
pilot light indicators and receptacles for plug-in accommodation is pro-
vided for furnishing electrical power to the regulated power supply and 
VTVM. If desired, the regulated power supply may be adapted for 19-
inch rack mounting. The four units, consisting of the metering panel, 
the electronic chassis panel, the power panel and the regulated power 
supply are mounted on a desk type relay rack 31 inches in height. 
Plug P3 is mounted on the electronic chassis and connector,• S3 ter-
minates the multiconductor cable from the voltage monitoring leads of 
the electrophoresis cell. Connectors Sl and S2 terminate a split multi-
conductor cable from the electronic chassis and make up with plugs Pl 
and P2, respectively, both of which are fastened to the sides of the 
electrophoresis chamber. Leads from Pl and P2 terminate at the Ag-
AgCl electrodes (El, E2, E3, E4) and their respective counterparts on the 
opposite side of the electrophoresis chamber. 
Even though ±5% fixed carbon resistors (l watt unless specified other-
wise) are used in the electronic chassis, they are still selected so that 
corresponding resistors of the four regulating stages will be nearly iden-
tical in order to obtain consistency of adjustment from. stage ·to stage. 
Thermoplastic insulated wire is used throughout. In reference to Fig. 1, 
all switches are shown in the extreme counter-clockwise position as 
viewed from the front panel. The input voltage from the regulated power 
supply has no ground preference. 
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Parts List: 
SW-1 A, B, C 3 four-pole, two position nonshorting switch 
sections, Centralab type PA-37 with index PA 300. 
SW-2 1 one-pole, eleven position (five positions actually used) 








1 two-pole, five position nonshorting switch section, 
Centralab PA-33 with index PA 300. 
Four contact connector, Cinch-Jones S-304-CCT. 
Four prong plug, Cinch-Jones 304-CCT. 
Six contact connector, Cinch-Jones S-306-CCT. 
Six prong plug, Cinch-Jones P- 306 -CCT. 
Octal socket,Amphenol. 
Octal plug,Amphenol. 
Four 25K, 2W potentiometers, Ohmite type AB. 
Four l 80K, 2W resistors (selected). 
Four 33K, 1 W resistors (selected). 
Four 22K, 1 W resistors (selected). 
Four 6AH6 vacuum tubes. 
Milliammeter, 0-10 milliamperes, Simpson Model 29 or 
1329 or equivalent. 
Vacuum Tube Voltmeter, RCA Voltohmist 97A or VT 98A 
or equivalent. 
D. C. Regulated Power Supply 0-600 volts, Oregon 
Electronics Model D6 or equivalent. 
Performance: The circuit described above, in which is used standard 
components, maintains a constant current of 5 ma at better than 1 % regu-
lation for Load changes of 25% or greater after a 20-30 minute warm-up 
period. Variation during the warm-up period may be slightly greater 
than 1 % . The system is inherently safe from damage due to short or 
open circuits and has proved to be trouble-free over a period of several 
years. 
Very little operation is necessary. After energizing the system by 
applying the required 520 volts, minor adjustments may be necessary 
for a 30-minute warm-up period after which no adjustments should be 
necessary. Periodic monitoring of the voltage across the starch gels 
and/ or the current is desirable in order to ascertain the electrical con-
sistency of the starch gel. 
ELECTROPHORESIS CHAMBER 
A diagrammatic view of the top and front side of the chamber which 
houses the electrophoresis cells, C-1, C-4, and the containers for the 
electrode and bridge solutions is given in Fig. 2. The chamber consists 
of three separate s~ctions and is constructed of 1/4"- Plexiglas s. The 
bottom of the center section is 1/ 4" aluminum plate 30i x 33i cm to 
which is firmly attached underneath a coil of 16 turns of 1/4" copper 
tubing. The aluminum plate assembly serves merely as a heat exchanger 
and other methods of maintaining a constant temperature may be devised. 
The temperature of the chamber is controlled by circulation of cooling 
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Figure 2. Top and front side views of starch gel electrophoresis 
chamber. 
fluid through the coil at inlet "I" and outlet "011 in the diagram. The 
electrophoresis cells, i.e. Cl and CZ are held in position by seating 
them in the slots of the Plexiglass strip as indicated in the unfilled posi-
tions c3 and C4 of Fig. 2. Filter paper wicks (Spinco Co.) are used for 
making electrical connections between the gel, the bridge solution and 
the electrode solution. Leads Ll-L8 used for measuring the voltage 
along a segment of the starch gel are inserted into the gel through small 
holes (1 mm in diameter) drilled in the side of the electrophoresis cell 
at points 9. 5 cm from the cent e r of the starch cell. Thus the voltage is 
measured along a 19 cm segment of the starch ge L. 
Bridge and electrode solutions, contained in i pint refrigerator jars, 
are made according to Smithies (1955). The coiled Ag-AgCL electrodes 
are insulated from the chamber by passing the wire through a small 
piece of glass tubing which is secure Ly fastened to the top of the side 
chamber. Over-all dimensions of each compartment are given in the 
diagram of Fig. 2. The distance from the t op of the center compartment 
to the aluminum plate is 3 cm. Evaporation from the filter paper wicks 
is prevented by encasing each wick in a soft plastic ' 1stockirig" which 
also serves to electrically insulate the wicks. 
PREPARATION OF STARCH CELLS 
With the exception of the dimensions, the Plexiglass cells are essen-
tially the same as those described by Smithies (1955). Plexiglass trays 
25. 0 x 3. 2 x 0. 7 cm in size are used and two samples of serum or other 
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protein material may be placed side by side in the gel. The 1 mm hole 
for the insertion of the probes Ll -L8 is drilled 9. 5 cm from the center 
of the tray. Two slots directly across from each other are made in the 
top edges of the pla-stic tray and are used to guide the blade by which the 
slit is made in the starch gel for admission of the sample. Such slots 
may be Located near the center of the tray or distributed at predeter-
mined distances along the tray. 
Unhydrolyzed potato starch (obtained from the Blackfoot Potato Starch 
Company, Blackfoot, Idaho) is partially hydrolyzed as described by 
Smithies {1957). (Commercially hydrolyzed starch may be obtained from 
the Connaught Medical Research Laboratories, University of Toronto, 
Toronto, Can.) The gel is prepared as described previously (Smithies, 
1955). In order to maintain a voltage drop along the gel of 6 V / cm, the 
ionic strength of the buffer may have to be varied when the cross-section 
of the cell is changed and the current is to be maintained at 5 ma. This 
adjustment in ionic strength of the buffer is necessary in order to present 
the optimum Load resistance to the current regulating stages. 
The protein solution is admitted to the gel by making a s Lot in the gel 
with a razor blade section which has been ground to the size of the slit 
desired. The gel is then pressed back approximately 2 mm and 0. 01 ml 
of the protein solution is added directly to the slot. A piece of Whatman 
No. I filter paper the size of the slot is then inserted and allowed to ab-
sorb the solution. The razor blade is removed, thereby allowing the g~L · 
to press back against the filter paper. Any excess solution that may be 
pressed to the surface of the gel upon closure of the slit is removed by 
blotting. A drop of mineral oil is placed on the surface of the slit which 
is then covered with a micro cover slip. Care must be taken in adding 
the sample in order to avoid breaking the gel along the sides or bottom 
of the tray. The paper wicks are placed at the end of the gel strip and 
the entire cell is covered with a strip of Saran Wrap in order to prevent 
dehydration and to minimize current Leakage. Electrophoresis of blood 
serum proteins is carried out at a voltage of 6 V / cm at 5. 0 ma for six 
hours at a temperature of 20°C. The nominal voltage drop across the 
19 cm starch segment during the period of electrophoresis varies from 
an initial 115 volts to 80 volts due to slight changes in the consistency of 
the gel and the movement of ions into the gel from the bridge solution. 
After electrophoresis, the filter paper insert is removed and the gel 
is transferred to the slicing tray by inverting the cell. The block of 
starch gel is placed in a jig and sliced lengthwise by means of a very 
tight nichrome wire {30 gauge) much the same as a cheese cutter, For 
serum haptoglobins one-half of the starch gel strip is stained in the usual 
way with amido-schartz and the other half with benzidine and peroxide 
as follows: the starch strip is flooded with a freshly prepared saturated 
solution of benzidine in glacial acetic acid and a few drops of 6% aqueous 
solution of hydrogen peroxide is added to the benzidine solution. The 
blue coloration develops almost immediately. Excess benzidine and 
peroxide solutions are removed by blotting and the strip is photographed 
immediately because of fading. 
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Figure 3. Serum haptoglobins: hemoglobin; human, cat and rat serum 
proteins and egg white proteins as separated by starch gel 
electrophoresis. 
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RESULTS AND DISCUSSION 
Examples of separations of mixtures of proteins which might be ex-
pected by using starch gel are demonstrated in Fig. 3. Those photo-
graphs in the top half of the figure show the three human serum hapto-
- globin types, and the normal, sickle trait and sickle cell hemoglobins. 
All of these sections were developed by the peroxide--benzidfoe technique. 
In the bottom half of Fig. 3 are photographs of serum proteins from 
the human, cat and rat, respectively, and egg white when stained with 
amido-schwartz. Note the superior resolution as well as the variations 
in serum types between species. 
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THE SYMMETRICAL C 3 IN THE PROPIONIC ACID FERMENTATION 
AND THE EFFECT OF AVIDIN ON PROPIONATE FORMATION
1 
Rune Stjernholm and Harland G. Wood 
Department of Biochemistry 
Western Reserve University School of Medicine 
Cleveland 6, Ohio 
SUMMARY. Further evidence has been obtained that a 
symmetrical three carbon intermediate compound is 
produced in the prop ionic acid ferment at ion. The data 
indicate that the C 3 compound is dihydroxyacetone which 
is formed by the action of a phosphatase on dihydroxy-
acetone phosphate. 
Evidence has been presented that the propionic acid 
bacteria contain glycerol kinase, glycerol phosphate 
dehydrogenase, aldolase, triose phosphate dehydro gen-
ase and a triokinase. 
It has been demonstrated that avidin inhibits the for-
mation of propionate and under these conditions the 
products are succinate and acetate and COz is fixed in 
the succinate. Attempts to obtain . the same type of shift 
in metabolism by growth of the propionic acid bacteria 
on a biotin deficient medium were unsuccessful because 
the bacteria adapted to the synthesis of biotin. 
The mechanism of the fermentation by propionibacteria has been in-
vestigated quite intensively for the past 40 years and although much has 
been learned about the fermentation there still remain baffling problems. 
For example, one needs to speculate extensively to present a possible 
explanation of the patterns of C 14 which arise when labeled glucose is 
fermented by these organisms. The problem is unique since all positions 
in every product are labeled no matter which of the 6 positions of glucose 
are labeled (Wood ~ ~l. 1955). Thus instead of being confronted with 
the prob Lem of how carbons of a specific position of glucose become a 
single position in a product one is confronted with the problem how can 
the specifically labeled carbons of glucose be "shuffled" into every posi-
tion of the products. We now know that part of the explanation is that 
there is randomization of labeled carbons by a mechanism involving suc-
cessive C 3 and C 4 intermediates. The effect of such randomization is 
illustrated in Fig. 1. It is seen that the Labeled carbon, represented by 
the bold face type, becomes randomized into every position of the pro-
pionate. In addition to such randomization, there probably is randomiza-
1 This work was supported in part by Grants No. E-1003 and A-6366 from 
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Figure 1. Randomization of C14 in the propionic acid fermentation. The 
Labeled carbon is indicated by bold face type. A is dihydroxyacetone, 
B is oxaloacetate, C is succinic acid and D is propionic acid. It 
is seen that four types of propionate would occur, CH3CH2COOH, 
CH3CH2c1 400H, C 14H 3CH2COOH and CH3C 14H 2COOH. Thus each posi-
tion of the propionate would be Labeled. 
tion due to some of the reactions of the pentose cycle . Occurrence of 
these reactions is indicated by the fact that glucose-l -C14 is a better 
precursor of C02 than is glucose-6-C
14 {Wood et al. 1955). In addition, 
Van Demark and Fukui {1956) and Stjernholm -;:nd Flanders {1962) have 
demonstrated that the enzymes of the pentose cycle are present in the 
bacteria. No attempt will be made to deal with the complex C14 patterns 
of this fermentation. But additional evidence supporting the occurrence 
of a symmetricq. L C 3 intermediate will be presented. 
Progress in understanding the mechanism of the reaction at the Level 
of the C 4 dicarboxylic acids and their conversion to propionate has been 
rapid in the last few years. A second part of this report will deal with 
effect of the inhibition of the formation of propionate by use of avidin. It 
has generally been considered that the propionic acid bacteria form pro-
pionate by the decarboxylation of succinate {Delwiche, 1948). The more 
recent studies have shown that this conversion is far more complex than 
a simple decarboxylation to C02 and propionate and it is quite certain that 
propionate is formed by two interlocked cycles {see Fig. 2). One cycle is 
a C1 transfer cycle in which the biotin enzyme, transcarboxylase, cata-
lyzes the transfer of the unesterified carboxyl of methylmalonyl CoA to 
pyruvate thus giving rise to propionyl CoA and oxaloacetate. The second 
cycle is a CoA transfer cycle catalyzed by CoA transferase yielding free 
propionate and regenerating succinyl CoA. ALL the enzymes of the pro-
pionate cycle have been extensively purified except fuma rase and the 
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Figure 2. Scheme of propionic acid fermentation. 
fumaric reductase and most of the propionate cycle has been recon-
structed using purified enzy mes (Allen et al. 1963). For references and 
reviews of this subject, see Wood and StJernholm (1962) and Overath 
(1961). 
A further recent developme nt has been the e Lucidation of the pathway 
by which C02 is fixed by the prop i onic acid bacteria (Siu and Wood, 1963). 
This reaction is catalyzed by an enzyme which does not contain biotin 
and the reaction is not inhibited by avidin. It can be seen by examination 
of Fig. 2 that this mechanism provides an alternative pathway for forma-
tion of oxaloacetate. It thus seemed possible that even when the trans-
carboxylation reaction is b Locked with avidin the fermentation might pro-
ceed via C02 fixation and yield succinate and acetate as the only products. 
A balanced reaction for the fermentation of glucose may be written as 
follows: 
The oxidation of glucose to succinate and acetate thus would be accom-
plished by the reduction of C02 and would resemble that produced by a 
mycobacterium, Cytophaga succinicans, as described by Anderson and 
Ordal (1961). 
Materials and Methods 
Preparation of Cells and Cell Free Extracts 
Propionibacterium shermanii was grown for 3 days at 30° in medium 
described by Wood ~t ~L. (1955). The cells were harvested by centrifu-
gation at 6000 X g for 10 minutes at 3 °, washed by suspension in distilled 
water and recentrifuged. P. shermanii produced 3-4 g of cells (wet 
weight) per Liter of medium-:-
Cell-free extracts were prepared with the aid of a Nossal shaker 
(Nossal, 1953). Five grams of wet cells were suspended in 10 ml of 
0. 05 M potassiumphosphate and 0. 001 M L-cysteine at pH 6. 8 and mixed 
with an equal volume of glass beads (Ballotini No.13). The mixture was 
shaken for 15 seconds and then cooled at 0°. This process was repeated 
four times. The glass beads were removed by centrifugation at L0,000 X g 
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for 15 minutes, and the remainder of the cell debris by centrifugation at 
35, 000 X g for 30 minutes. The cell-free extracts contained 15 to 20 mg 
of protein as determine d by the Biuret reaction. 
For enzymatic as says the extracts we re precipitated with ammonium 
sulfate at 80% saturation. The protein was dis solved and then dialyzed 
twice against 50 volumes of 0. 05 M Tris-HCl buffer, pH 7. 0; 0. 001 M 
L-cysteine, and 0. 001 M EDTA for a period oC 5 hours each time in a 
cold room at +4°. 
Methods 
Dehydrogenase activity was determined spectrophotometrically by the 
reduction of DPN or TPN at 340 mµ using a Zeiss spectrophotometer. 
Phosphate determination was made according to Fiske and SubbaRow 
(19 25). Fermentations were carrie d out in conventional Warburg vessels 
in a shaker at constant temperature. Fermentation products were iso-
lated from the acidified mixture by continuous ether extraction for 48 
hours. The metabolic acids were separated on Ce lite columns according 
to the method of Swim and Krampitz (1954) and the acids were degraded 
according to Wood ~t ~L. (1955). The C 1 was determined as C02 in a 
proportional counter after combustion with chromic acid. 
Results 
FERMENTATION OF GLYCEROL AND FORMATION OF A 
SYMMETRICAL C 3 
The extent of the randomization of C14 in the products of labeled glyc-
erol (Stjernholm and Wood, 1960) is much greater than that observed 
with Labeled glucose (Wood et al. 1955). It therefore appears that the 
metabolism via a symmetrical C 3 is more extensive with glycerol than 
with glucose. In fact the randomization was usually complete with glyc-
erol and it seemed possible that the glycerol might be directly dehydro-
genated to dihydroxyacetone. A glycerol dehydrogenase has been re-
ported in Aerobacter aerogenes which yields dihydroxyacetone without 
prior phosphorylation (Rush et al., 1957). Since dihydroxyacetone is 
rapidly fermented by the propio~ic acid bacteria (Wood and Werkman, 
1940) tests were made to determine whether or not glycerol is fermented 
via glycerol phosphate. 
Glycerolkinase and Glycerolphosphate Dehydrogenase in Propionibacteria 
The reactions involved in the assay of these enzymes are as follows: 
Glycerol + ATP -- glycerol•3•P + ADP 
Glycerol·3-P + DPN+ :;:::- dihydroxyacetone .. P + DPNH + H+ 
The results of Fig. 3 show that there was little reduction of DPN in the 
absence of ATP. This fact is taken as evidence that glycerol dehydro-
genase; is not present in~· shermanii. 
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Figure 3. Demonstration of glycerolkinase and glycerophosphate dehy-
drogenase in extracts of~· shermanii. The incubation mixtures con-
tained 300 µmoles of Tris buffer at pH 7. 5, 250 µmoles of glycerol, 
2 µmoles of ATP, 0. 5 µmoles of DPN, and 5 mg of protein obtained 
from~. shermanii by ammonium sulfate precipitation. It had been 
dialyzed against O. 05 MK P04 at pH 6. 8 containing 0. 005 M .cysteine. 
The total volume was 3 ml at temp. 25°C. 
Curve 1. No glycerol and ATP Curve 3. No ATP 
Curve 2. No glycerol Curve 4. No DPN 
Curve 5. Complete 
DPN cannot be replaced by TPN, nor is glycerol oxidized in the pres-
ence of TPN and ATP and a atalytic amount of DPN. The latter obser-
vation indicates that transdehydrogenase is absent. It also was found 
using an enzyme preparation that had been dialyzed against 0 .001 M EDTA 
that both cysteine and Mg++ are required for the reaction indicating the 
glycerol dehydrogenase is an SH enzyme and that glycerol kinase requires 
Mg++ in common with other kinases. 
Aldolase and Triose Phosphate Dehydrogenase 
For the phosphatase tests which were to be conducted it was desired 
to generate dihydroxyacetone phosphate from fructose-!, 6-diphosphate. 
Therefore the enzyme preparation was tested for aldolase and triose 
phosphate dehydrogenase. The reactions involved in the assay are as 
follows: 
Fructose-!, 6 .. p ~ dihydroxyacetone•P + glyceraldehyde ... 3-P 
+ HAso4•• ......_ Glyceraldehyde .. 3•P + DPN + H20 - 3-P-glyceric acid 
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Figure 4. Demonstration of fructose-!, 6-diphosphate aldolase and tri-
osephosphate isomerase. The incubation mixture contained 300 µmoles 
of Tris buffer at pH 7.5, lOµmoles of cysteine-HCl, 10 µmoles of 
fructose-!, 6-diphosphate, 0. 25 µmoles of DPN, 20 µmoles of Na-
arsenate, 10 µmoles of Na-iodoacetate, and 10 mg of protein. Vol-
ume was 3 ml. 
Curve 1. Complete Curve 2. No fructose-!, 6-diphosphate 
It is shown in Fig. 4 that there was a rapid reduction of DPN in the pres-
ence of fructose diphosphate and the reaction was completely inhibited 
by 6 X 1 o-J M iodoacetate. Thus it seemed likely that aldolase and 
glyceraldehyde 3-phosphate dehydrogenase were present in the extract. 
Van Demark and Fukui (1956) have previously presented evidence of the 
occurrence of these enzymes in~· pentosaceum. 
Phosphatase Activity on Triose Phosphate, Glycerol Phosphate and 
3~Phosphoglycerate 
The production of dihydroxyacetone from dihydroxyacetone phosphate 
would require the presence of a phosphatase for the triose phosphate. 
For the phosphatase tests triose phosphate was generated from fructose 
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diphosphate using iodoacetate as an inhibitor. The phosphatase activity 
on the resulting mixture of fructose-!, 6-P and triose phosphate was 
compared to that with glycerol phosphate and phosphoglyceric acid as 
substrates (Fig. 5). The extract was also tested for fructose-!, 6-di-
phosphatase activity in order to show that the phosphate did not arise 
from fructose-!, 6-diphosphate (Fig. 5A). The reactions are as follows: 
Ftuctose ... 1, 6 ... ctiP - fructose-6 .. p + pi 
Fructose .. 6 ... p glucose .. 6 .. p 
Glucose .. 6 ... p + TPN+ -;:::. 6 .. phosphogluconate + TPNH + H+ 
The extract contains the required glucose-6-phosphate dehydrogenase 
(Stjernhol.m and Flanders, 1962) and the hexose phosphate isomerase for 
this assay. 
Preincubation of the fructose-!, 6-diphosphate and the enzyme without 
addition of TPN for 30 minutes followed by assay of the fructose-6-
phosphate showed that about 0. 02 µmoles of fructose-6-phosphate was 
formed per hour. This quantity is insignificant compared to the amount 
of inorganic phosphate that was liberated from the fructose diphosphate-
triose phosphate mixture. Approximately 3 µmoles were liberated in the 
first hour (see Fig. 5). There was phosphatase activity on the glycerol 
phosphate and phosphoglycerate but the rates were considerably less than 
on the triose phosphate. It therefore seemed certain that the enzyme 
preparation contained a phosphatase for triosephosphate. 
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Figure 5. Phosphatase activity of propiomc acid bacteria . The incuba-
tion mixtures contained 200 µmoles of Tris-maleate buffer at pH 6. 4, 
5 µmol.es of Na-iodoacetate, 3. 8 mg of protein free of phosphate ions, 
and the substrates were as fol.I.ows: 
Curve 1. 10 µmoles of Na-fructose-!, 6-diphosphate 
Curve 2. 38 µmoles of Na-DL-a., ~-glycerol phosphate 
Curve 3. 13 µmoles of Na-D-3-P-glycerate. 
The volume was 1. 0 ml, temperature 30 ° C, time as indicated. 
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Figure SA. Presence of hexose phosphate isomerase and absence of 
fructose-1, 6-diphosphatase in the extract of ~. shermanii. 
Conditions: 300 µmoles of Tris pH 7. 5, 10 µmoles of cysteine-HCL, 
0. 5 µmoles of TPN, 3. 8 mg of protein. 
Curve 1. 3 µmoles of Na-fructose-6-phosphate 
Curve 2. 2 µmoles of Na-fructose-!, 6-diphosphate 
The volume was 1. 0 ml, temperature 30°C. 
It was observed that the phosphatase activity of extracts gradually 
decreased when the extract was stored at -12 °. A comparison of the 
phosphatase activity of fresh and aged extracts is shown in Table L and it 
is seen that there was a considerable loss in phosphatase activity after 
storage at -12°. 
Comparison of the C14 in Propionate Formed by Fresh and Aged Extracts 
If the extent of randomization of C14 in the products of glycerol fer-
mentation is dependent on the formation of dihydroxyacetone by phospha-
tase action then the degree of randomization in the products should de-
crease in an aged as compared to a fresh extract. A fresh extract was 
used to ferment glycerol-l -C14 and at a later date the same extract was 
used to ferment glycerol-3-014.• The results from these fermentations 
are shown in Table 2. Since different types of labeled glycerol were 
used the variation in the randomization of C14 is not immediately obvious. 
It can be seen, however, from Fig. 6 that with glycerol-l -C14 one may 
estimate the amount of randomization via a symmetrical CJ by dividing 
the concentration of C14 in the a plus 13 carbons by that in the carboxyl 
carbon, while for glycerol-3-C14 the C14 in the carboxyl carbon is to be 
divided by the C14 in the a plus 13 carbons. Using this calculation it is seen 
that the randomization ~as 92% ([24 + 24/ 52}100) with the fresh extract 
Table 2, but for the aged extract with glycerol-3-C14 it was 32%, (24/37 
+ 39)100. Thus the results are in accord with the view that the sym-
metrical CJ is formed via a phosphatase and it seems Likely that the 
action is on dihydroxyacetone phosphate. 
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Table 1. Phosphatase activity in fresh and stored extracts from 
~· shermanii grown on either glucose or glycerol. 
Fresh Frozen 
Type of Cells Substrate Extract Extract 
Grown on glucose Fructose-1,6-diP o. 318 o. 193 
!t 11 DL-a(/3 )-glycerol-P o. 135 o. 158 
tr n 3-P-glycerate 0.241 0.035 
Grown on glycerol Fructose-1,6-diP 0.328 0.068 
n tt DL-a(/3 )-glycerol-P o. 188 0 
I! !t 3-P-glycerate No test o. 113 
Values ar e calculated as µmoles / mg protein/ hr and are corrected for 
endogenous inorganic phosphate. The incubation mixture s were the 
same as outlined in the Legend to Fig. 5. The frozen extract from ~· 
shermanii grown on glucose was assayed after 15 days storage at -12 °C 
and after 40 days storage at -12 °C from cells grown on glycerol. 
Table 2. Effect of aging and phosphatase activity on the distribution of C14 
in propionate formed from g lycero t-l-C14 and glycerot -3-C14 • 
Glycerol Propionate Distribution of C 14 in propionate 
Labeled cpm/ cpm/ C-3 C-2 C-1 
Extract position µmoles µmoles µmoles per cent per cent per cent 
Fresh C-1 27,000 170 7,700 24 24 52 
Aged c .. 3 42,000 160 5,800 39 37 24 
;e. shermanii was grown on a glycerol medium for 3 days, harvested and 
washed and an extract made by the Nos sat shaker. Fermentations were 
in 125 ml flasks under N 2 at 30 ° for 20 hrs on a shaker. Each flask 
contained 5000 µmoles of potassium phosphate (pH 6. 8), 200 µmoles of 
Na-fructose-diphosphate, 10 µmoles ATP, 5 µmoles DPN, 1. 0 µmoles 
CoA, 6. 4 µmoles thiamin pyrophosphate, 1400 µmoles of glycerol-l -C14 
or glycerol-3-C14 • Total volume was 30 ml. The incubations were 
terminated by the addition of 2 ml 6 N H 2S04 • Metabolic acids were 
recovered by continuous ether extraction. 
Metabolism not involving a symmetrical C 3 Metabolism involving a symmetrical C 3 
Glycerol-3-C14 Glycerol-l-C14 Glycerol-3-C14 Glycerol-l-C14 
t l l l 100 100 50 50 50 50 -c - c - coo c - c .. coo- c - c - coo- C - C - COO"' 
tc1 C1 t!OO Cl r 50 C1 r 50 
50 50 100 100 50 25 25 50 50 25 25 50 -ooc - c - c - c 00 -ooc - c - c - coo- -ooc .. c - c - coo- -ooc - c .. c - c 00 -
1-C1 1100 -C1 l50 -C1 150 -C1 
50 50 - 100 25 25 50 25 25 50 c - c - coo c - c .. coo- c .. c .. coo- -c - c - coo 
Figure 6. The distribution of C14 from glycerol-l-C14 and g lycero l- 3 -C14 formed via symmetrica l 
C 3 and C 4 compounds. The C 1 is assume d to b e formed and added via transcarboxylation 
(Swick a nd Wood, 1960) so it will have the same C 14 concentration as o ccurs in the carboxyl 
group. Note that in complete metabolism via a symmetrical C 3 as compared to metabolism 
not involving a symmetrical C 3 , one-half the C
14 is shifte d from the a, 13-carbons into the 
carboxyl of the propionate with glycerol-3-C14 while from glycerol-l -C14 the shift is from 
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Figure 7. Evidence for triokinase activity in~· shermanii. The incuba-
tion mixtures contained 200 µmoles of Tris buffer pH 7. 5, 10 µmoles 
MgCl~, 10 µmoles cysteine-HCl, 50 µmoles dihydroxyacetone, 1 µmole 
ATP, O. 5 µmoles DPN, 10 mg protein {dialyzed free of inorganic 
phosphate). At 6 minutes 25 µmoles of Na2HP04 was added as indicated 
by Curve 1. No reaction took place when the triosephosphate isomer-
ase was inhibited with 20 µmoles of Na-iodoacetate as indicated by 
Curve 2. 
Evidence of Triokinase Activity in P. shermanii 
Both dihydroxyacetone and glyceraldehyde are used by propionic acid 
{Wood and Werkman, 1940). It is not known whether the unphosphory-
lated trioses are utilized or whether they must first be converted to a 
phosphorylated form. Tentative evidence presented in Fig. 7 indicates 
that the triose must first be phosphorylated. DPN is reduced by dihy-
droxyacetone only when both ATP and inorganic phosphate are present. 





glyceraldehyde .. 3 .. p ~ 1, 3 p hos pho-
1~ glycerate+DPN1 
dihydro xyacetone .. P 
It is not known whether triokinase acts on dihydroxyacetone or glycer-
aldehyde. Further investigation is require d to elucidate this problem. 
134 STJERNHOLM and WOOD 
CONVERSION OF THE PROPIONATE FERMENTATION 
TO A SUCCINATE FERMENTATION 
The second portion of this presentation deals with the possibility of 
converting a propionate fermentation to a succinate fermentation. It was 
noted in the introduction that this might be accomplished by use of avidin 
to inhibit the biotin enzyme which catalyzes transcarbo~ylation (Fig . . 2). 
It also seemed possible that if the propionic acid bacteria were grown 
on a vitamin deficient medium, their metabolism would shift towards 
succinate forrn.ation. These two problems therefore were investigated. 
Inhibition of the Propionate Fermentation with Avidin 
It is known that the extracts of_!>. shermanii can bring about a fer-
mentation of glucose to propionate, acetate and succinate (Wood et at., 
1956) so it seemed feasible to use this enzyme preparation to study the 
effect of avidin. The results of the experiments are shown in Table 3. 
Table 3. The inhibition of the formation of propionate by avidin and the 
accompanying shift of the reaction to formation of succinate .. 
Propionate Acetate Succinate Fumarate Mal ate 
cpm/ cpm/ cpm/ cpm/ cpm/ 
Avid in Hmole Hmole µmole µmole µmole µmole µmole µmole µmole µmole 
None 130 327 109 10 148 474 58 382 88 382 
Present 29 47 215 14 332 438 34 410 45 414 
Extract from ceLLs of 2 days growth on glyc e rol medium was dialyzed 
1 hour against 20 volumes of 0. 05 M K phosphate buffer pH 6. 8 and an 
additional hour against fresh buffer. The reaction mixture contained the 
following in µ.moles: glucose 1000, ATP 50, NaHC140 3 2500, MgCL2 100, 
MnCL2 10 and 5 ml of enzyme extract (.rv 100 mg protein). When avidin 
was added 5. 0 mg (12. 5 units) it was incubated with the 5 ml of enzyme 
for 15 minutes prior to starting the reaction. The reaction mixture, 
40 ml, was shaken in 125 mt Warburg flasks at 30° for 20 hrs. Gas 
phase C02 • 
It is seen that in the absence of avidin, propionate, acetate a nd succinate 
as w e ll as fumarate and matate were the products. There was fixation 
of C02, as expected, in all products except acetic acid. Avidin did not 
pr~vent the fermentation of glucose but the formation of propionate was 
drastically reduced and there was very Little fixation of C02 in the smaLL 
amount of propionate which occurred. In addition, the formation of 
acetate and succinate increased and the fixation of C02 in the succinate 
was not inhibited. The Latter is in accord with the fact that fixation of 
C02 by carboxyphosphoenoLpyruvic transphosphorylase (Siu and Wood, 
1962) is not inhibited by avidin. Unfortunately the amount of net fixation 
of C02 was not estimated in these fermentations. Wood ~t ~L. (1956) 
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found that there was a net fixation of C02 when such extracts were used 
to ferment glucose even in the absence of avidin. When the forrra tion of 
succinate increases in the presence of avidin, there probably is an ac-
companying increase in the net fixation of C02 • 
Biotin Deficiency and Propionate Formation 
The propionic acid bacteria have been shown to require biotin for their 
nutrition {Delwiche, 1949). It therefore seemed possible that the syn-
thesis of transcarboxylase might be Limited in a biotin deficient medium 
and the bacteria would adapt to a fermentation involving C02 fixation 
and formation of succinate and acetate. The fermentation would then be 
similar to that by Cytophaga succinicans as described by Anderson and 
Ordal {1961). P. shermanii was grown on three types of media: (a) the 
synthetic mediu~ described by Delwiche {1950)with 0.2 µ.g of biotinadded 
per liter, {b) the medium of Wood~~· {1937) using Bacto vitamin free 
casamino acids and with pantothenate and thiamin to replace the ether 
extract of yeast extracts. Acetate was omitted from the medium but 
Tween 40 and oleic acid were included to reduce the requirement for 
biotin {Williams and Fieger, 1946). No biotin was added. {c) The medi-
um was the same as {b) except the Bacto vitamin free casamino acids 
was treated with charcoal to remove the last traces of biotin. P. sher-- --
manii was transferred several times on the respective media and then 
grown in larger quantities to obtain sufficient cells to prepare a cell free 
extract for as say of the transcarboxylase content of the bacteria. The. 
yield of propionate, acetate and succinate in the growth medium was 
determined by chromatography on Celite columns (Swim and Krampitz, 
1954). The results of these studies are presented in Table 4. 
Contrary to expectations it is seen that the Largest yield of transcar-
boxylase was obtained in medium {c) in which the biotin was most care -
fully excluded through treatment of the hydrolyzed casein with charcoal. 
It is quite evident that under these conditions ~. shermanii did not adapt 
by modifying its metabolism to yield succinate and acetate via C02 fixa-
tion, rather it synthesized biotin. There was a delayed growth of the 
bacteria after each transfer on the medium but once growth began it was 
Luxurious. The synthesis of biotin was verified by determination of the 
biotin in the bacterial extract using the yeast assay {Lichstein, 1955). 
The extract from the cells of 1 liter of medium (c) were found to contain 
1. 2 µ.g of biotin whereas the original medium was found to be free of 
biotin by the assay. The transcarboxylase activity of this extract was 
about 1/2 to 1/4 that found in cells grown on the usual yeast extract 
medium. The normal yield is about 0. 6 to 1. 2 units of transcarboxylase 
per mg of protein. 
The Lowest yield of transcarboxylase was observed in medium (a) 
which included a small amount of added biotin. In this case the protein 
of the cell extract contained 0. 02 units of transcarboxylase per mg and 
based on the yield of protein from the cells there was 2. 25 units of trans-
carboxylase per liter of medium. From this value the millimoles of 
propionate which could have been formed during the fermentation by 
transcarboxylase can be estimated and was found to be 21. 6 mmoles. 
The actual yield of propionate was 31. 1 mmoles per liter of medium. It 
is difficult to evaluate the significance of the estimated propionate since 
Tab Le 4. Growth of _E>. shermanii in biotin deficient medium and the yield of transcarboxylase. Comparison 
of the actual yields of propionate with the estimated values based on the transcarbosylzse content of 
the ce LLs. 
Protein Transcarb. Units of trans- Estimated 
Days Wet wt. from activity of carb. per liter Observed values per liter 
Medium growth cell cells protein medium propionate* Propionate Acetate Succinate 
g/l. mg units/mg mmoles/lo mmoles mmoles mmoles 
1. o. 2 µg biotin 
per liter 4 4.52 251 0.020 5. 0 21. 6 31 .. 9. 2 
2. No biotin 
added 7 3. 7 246 0.048 11. 9 86 89 54 
3. Charcoal 
treated 10 4.5 225 o. 310 70 700 92 55 6.0 
>:CThe estimation was made as follows: 5. 0 X 3 X 24 X 60 = 21600 µmoles propionate. This assumes that the cell 
population on the average was near maximum for 3 out of the 4 days. Since a unit of transcarboxylase will produce 
l µmole of propionate per minute the units times the total minutes equals the estimated propionate. The time used 
for medium 2 was 5 days and for medium 3, 7 days. Growth always started very slowly on medium 3. 
Medium l quantities per liter: glucose 10 g, Bacto vitamin free casamino acids 5 g, sodium acetate 8 g, 
KH2P04 4 g, sodium thioglycolate O.l g, L .. cystine O.l g, L .. tryptophan O.l g, NaCl 4 g, MgS04•7H;20160 mg, 
FeS04•7H20 8 mg, MnS04•4H20 3 mg, adenine 5 mg, guanine 5 mg, uracil 5 mg, xanthine 5 mg, calcium panto .. 
thenate l mg, p .. aminobenzoic acid l mg, thiamin-HCl l mg and biotin o. 2 J.!g. 
Medium 2 quantities per liter: glucose 18 g, Bacto vitamin free casamino acids 1. 5 g, Tween 40 20 mg, oleic acid 
10 mg, thiamin ... HCl l mg, calcium pantothenate 1. 0 mg, (N~)zS04 1. 5 g, K2HP04 17. 4 g, KH2P04 6. 8 g, MgS04 • 7H20 
O. l g, NaCl 5 mg, FeS04 • 7H20 5 mg, and MnS04 • 4H20 5 mg. 
Medium 3 the same as medium 2 except the Bacto vitamin free casein (15 g in 1. 5 liter) was brought to pH 2. O with 
HCl and then 15 g of charcoal was added with stirring. The mixture was filtered after standing overnight, neutralized 
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the transcarboxylase may not have been completely extracted from the 
cells and thus the estimate may be too Low. But on the other hand the 
transcarboxylase is assayed under optimal conditions with respect to 
substrate concentration, pH, etc. and such conditions may not prevail in 
the cell. The concentration of transcarboxylase was about 1/40 of that 
found in normal eel.Ls but the re was no evidence of a shift in metabolism 
such as was ob served when avidin was used to inhibit transcarboxylase 
activity. The formation of propionate in excess of that estimated for the 
transcarboxylase might be considered evidence of formation of propionate 
by a nontranscarboxylase pathway. We do not consider the present data 
significant in this regard. 
On medium (b) the yield of transcarboxylase was between that observed 
with medium (a) and (c). There undoubtedly was some biotin in the 
hydrolyzed casein and in addition there may have been some synthesis of 
biotin. The fact that the Lowest transcarboxylase yield was obtained 
when biotin was added to medium (a) suggests that the presence of biotin 
may repress biotin synthesis (see Pai and Lichstein, 1963). 
Discussion 
Evidence has been presented that the C14 pattern in the products of 
propionate fermentation is influenced by the occurrence of symmetrical 
C 3 intermediate compound which in conjunction with a symmetrical C4 
dicarboxylic acid randomizes the C14 of glucose to every position of the 
products of fermentation. The symmetrical C 3 appears to arise via 
phosphatase activity on dihydroxyacetone phosphate and the triose is 
again phosphorylated before fermentation. There is no evidence that 
glycerol as such is converted to dihydroxyacetone by a dehydrogenase. 
Such a reaction should be reversible and thus the C14 would be random-
ized in the residual glycerol at the conclusion of a fermentation. For 
example, glycerol-l -C14 would in part be converted to glycerol-3-C14 . 
This was not found to be true with whole ce Lls (Stjernholm and Wood, 
1960) nor with extracts in the present studies. On the other hand, the 
dephosphorylation and repho sphory Lation of dihydroxyacetone by ATP 
would appear to be a very wasteful process energetically. Possibly the 
phosphatase normally do~s not hydrolyze the ester to yield inorganic 
phosphate but instead catalyzes an exchange of phosphate (Axelrod, 1948, 
Meyerhof and Green, 1950) between dihydroxyacetone phosphate and 
glycerol thus giving rise to a transient occurrence of free dihydroxy-
acetone. The kinase for triose may be required only when the free triose 
is a substrate. 
An attempt was made to isolate dihydroxyacetone by fermenting glyc-
eroL-C14 in the presence of a pool of unlabeled dihydroxyacetone. Dihy-
droxyacetone proved difficult to isolate and characterize and therefore 
it was converted to methylglyoxal by distillation from sulfuric acid 
(Meyerhof and Lohmann, 1934). The methylgly_oxal was identified as the 
2, 4-dinitrophenylhydrazone and as the m-nitrobenzhydrazide. As much 
as 10% of the C14 of the glycerol could be trapped in the dihydroxyacetone. 
However, a more detailed study of the changes of the specific activity of 
the dihydroxyacetone and propionate with time would be required to es-
tablish a product precursor relationship. Nevertheless there was clear 
evidence that glycerol was converted to dihydroxyacetone by the extracts. 
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It was possible to alter the propionic fermentation to a succinate, 
acetate fermentation by avidin inhibition but the same shift in metabolism 
was not obtained by using a biotin deficient medium since the propionic 
acid bacteria adapted to the synthesis of biotin. It would be instructive 
to attempt to obtain mutants of the propionic acid bacteria which require 
COz for growth and which produce succinate and acetate. It is clear 
from the studies of Anderson and Ordal {1961) that such a mechanism is 
energetically feasible. Inspection of Fig. 2 shows that there are a num-
ber of possible mutants which would require COz for growth, those lack-
ing CoA transferase, those Lacking methylmalonyl isome rase or the 
ability to synthesize the B 12 coenzyme and those lacking methylmalonyl 
racemase or transcarboxylase. It seems likely that a deficiency of one 
of these enzymes is the cause of the net uptake of COz by the propioni-
bacteria and it was this fact which permitted the discovery of C02 fixation 
by these heterotrophic organisms. 
A discrepancy from the scheme of Fig. 2 is observed in the data of 
Table 3 and has been observed previously {Wood ~ ~l., 1955). The 
scheme of Fig. 2 requires that succinate be a precursor of propionate. 
Since succinate is symmetrical with respect to the carboxyl carbons, 
decarboxylation of the succinate which arises by C140z fixation should 
give rise to a propionate with a specific activity one -half that of the suc-
cinate. It is seen this was not true when propionate was formed in the 
absence of avidin (Table 3). The propionate had considerably more than 
one-half the C 14 specific activity of the succinate . In this fermentation 
the specific activity of the C140z may have decreased with time and high 
activity propionate may have been formed in the early part of the incuba-
tion, followed by fixation of COz with a low C14 activity in the terminal 
phase. 
The scheme also does not account for the wide variation in the pro-
ducts that have been observed in this fermentation. The ratio of pro-
pionate to acetate in glucose fermentations has been shown to vary from 
2 to 14. 7 (Wood and Werkman, 1936). One possibility is that the acetyl 
CoA arising from the oxidation of pyruvate is in turn utilized via conden• 
sation with oxaloacetate yielding citrate which then is oxidized to succinyl 
CoA with simultaneous reduction of more oxaloacetate to . succinate. The 
latter could be formed from phosphoenolpyruvate by COz fixation. Of 
course the succinate could be converted to propionate. In effect the 
acetate would be oxidized to C02 and thus increase the propionate to 
acetate ratio. This: mechanism has been suggested to us by Dr. Marvin 
Johnson (private communication) and is in accord with our suggestion 
relative to the data from the fermentation of pyruvate-C14 {Leaver et al., 
1955 ). This dual source of succinate or succinyl CoA might accoutrt for 
some of the obs.erved discrepancies between the C14 patterns of propionate 
and succinate. 
The above problems, the possible role of the pentose cycle, the mech-
anism of fermentation of C 4 sugars and C4 polyalcohols, the high energy 
yield in this fermentation {Bauchop and Elsden, 1960) and the mechanism 
of the oxidation of the pyruvate to acetyl CoA aU await solution. The 
latter formed the basis of one of the ear Liest studies by Dr. Milton Sil-
verman (Silverman and Werkman, 1939) in which he showed that thiamin 
is required for the breakdown of pyruvate by propionic acid bacteria and 
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that these bacteri a can b e " trained" to synthesize thiamin just as they 
can be adapted to synthesi s of biotin. The discussion of this and related 
work was the beginning of a Long and cherished friendship by one of us 
(HGW) with Dr. Silverman . 
Acknowledgment 
The assistance of Mr. Frank Flanders is gratefully acknowledged. 
Literatu re Cited 
Allen, S . H. G., R. W. Kellermeyer, R. L. Stjernholm, and H. G. Wood. 
1963. Purification and properties of enzymes involved in the pro-
pionic acid fermentation. Jour. Ba ct. (Submitted for publicati on.} 
Anderson, R. L. and E. J. Ordal. 1961. C02 dependent fermentation of 
glucose by Cytophaga succini cans. Jour. Ba ct. 81 :137-146. 
Axelrod, B. 1948. A study of the mechanism of "phosphotransferase" 
activi ty by the use of radioactive phosphorus. Jour. Biol. Chem . 
.!..2.§:295-298. 
Bauchop, T., and S. R. Elsden. 1960. The growth of micro-organisms 
in relation fo their energy supply. Jour. Gen. Micro biol. 23 :45 7-469. 
Delwiche, E.A. 1949. Vitamin requirements of the genus Propioni-
bacterium. Jour. Bact. 58:395-398. 
___ . 1950. A biotin function in succinic acid decarboxylation by 
Propionibacterium. Jour. Bact. 59 :439-442. 
Fiske, C.H . andY. SubbaRow . 1925. The solorimetricdetermination 
of orthophosphorus. Jour. Biol. Chem. 66 :375-400. 
Leaver, F.W., H.G. Wood and R. Stjernholm. 1955. The fermentation 
of three carbon substrates by Clostridium propionicum and Propioni-
bacterium . Jour. Bact. 70 :521-5 30. 
Lichstein, H. C. 1955. The presence of bound biotin in purified prepara-
tions of oxaloacetic carboxylase. Jour. Biol. Chem. 212:21 7-222. 
Meyerhof, 0., and K. Lohman. 1934. Dber die enzymatische Gleichge-
wichtreaktion zwischen Hexosediphosphors:iure und Dioxyacetone-
phosphors::tu+e. Biochem. Z. £1..!. :89-110. 
___ and H. G t een. 1950. Synthetic action of phosphatase. Jour. Biol. 
Chem. ~:377-390. 
Nossal, P. M. 1953. A mechanical cell disintegrator. Australian Jour. 
Exptl . Biol. Med. Sci. 2.!_:583-590. 
Overath, P. 1961. Vitamin B 12 als Coenzym des Propionos::turestoff-
wechsels in. Vitamin B 12 und Intrinsic Factor. 2 Europ::tisches Symp., 
Hamburg, 1961. Edited by H . C. Heinrich, Ferdinand Enke Verlag, 
Stuttgard. 
Pai, C.H. and H. C. Lichstein. 1963. Control of biotin synthesis in 
Escherichia coli by exogenous biotin. Biochim. Biophys. Acta 
65:159-160. 
Rush, D., D. Karibian, M. L. Karnovsky, and B. Magasanik. 1957. 
Pathways of glycerol dissimilation i n two strains of Aerobacter 
aerogenes. Jour. Biol. Chem. 226:891-899. 
140 STJERNHOLM and WOOD 
Siu, P.M.L. and H.G. Wood. 1962. Phosphoenolpyruvic carboxytrans-
phosphorylase, a COz fixation enzyme from propionic acid bacteria. 
Jour. Biol. Chern. 237:3044-3051. 
Silverman, M. and C.H. Werkrnan. 1939. Adaptation of the propionic 
acid bacteria to vitamin B 1 synthesis including a method of assay. 
Jour. Bact. 38:25-32. 
Stjernholrn, R. L., and H. G. Wood. 1960. Glycerol dissirnilation and 
occurrence of a symmetrical three carbon intermediate in propionic 
acid bacteria. Jour. Biol. Chern. 235:2757-2761. 
and F. Flanders. 1962. Metabolism of D-ribose-l -C14 and 
C14-labeled D-glyconate in an enzyme system of the g enu s Propioni-
bacteriurn. Jour. Bact. 84:563-568. 
Swick, R. W. and H. G. Wood~ 1960. The role of transcarboxy Lation in 
propionic acid fermentation. Proc. Natl. A cad. Sci. 46:28-41. 
Swim, H. E. and L. 0. Krampitz. 1954. Acetic acid oxidation by 
Escherichia coli: quantitative significance of the tricarboxylic acid 
cycle. Jour.Bact. 67:426-434. 
Van Demark, P.J. and G. M. Fukui. 1956. An enzymatic study of the 
utilization of gluconic acid by Propionibacteriurn pentosaceurn. Jour. 
B a ct. 72:610-614. 
Williarns,-V. R. and E.A. Fieger. 1946. Oleic acid as a growth stimu-
lated for Lactobacillus casei. Jour. Biol. Chern . ill:335-343. 
Wood, H. G. and C.H. Werkrnan. 1936. Mechanism of glucose dissirni-
Lation by the propionic acid bacteria. Bio chem. Jour. 30 :618-623. 
, E.L. Tatum and W.H. Peterson. 1937. Growth factors for 
~teria. IV. An acidic ether soluble factor essential for growth of 
propionic acid bacteria. Jour. Bact. 33:227-242. 
and C.H. Werkrnan. 1940. The fixation of COz by cell suspensions 
~Propionibacteriurn pentosaceurn. Biochern. Jour. 34:7-14. 
, R. Stjernholrn and F. W. Leaver. 1955. The metabolism of 
~eled glucose by the propionic acid bacteria. Jour. Bact. 70:510-
520. 
___ , R. G. Kulka and N. L. Edson. 1956. The metabolism of l-14C-
glucose in an enzyme system from Propionibacteriurn . Biochern. 
Jour. 63:177-182. 
and R. L. Stjernholrn. 1962. As sirnilation of carbon dioxide by 
heterotrophic organisms. In: The Bacteria, Vol. 2:41-11 7. 
AU THOR INDEX 
Anderson, L. L., 437 
Andrews, E. L., 3 
Baker, Durwood L., 291 
Bieri, J.G., 3 
B Lack, Simon, l 3 
Bowerman, A. M., 437 
Brown, Carl, l 79 
Caillouet, CarlW. Jr., 309 
Carlander, Kenneth D., 447 
Collins, W.K., 187 
Condit, Paul T., l 7 
Donaldson, Kenneth 0., 41 
Downs, C. M., 69 
Duke, Frederick R., 299 
Ehrenreich, John H., l 79 
Erlander, Stig R., 323 
Flippin, Reid S., 61 
Fredrickson, Leigh H., 151 
French, Frank E., 291 
Ga the rum, G. E., 388, 393, 405 
Hanks, Leland F., 415 
Hannan, E. C. , 115 
Hendlin, David, 2 3 
Jensen, K.F., 377,405 
Kalnitsky, George, 31 
Kepler, J.E., 393 
Keresztesy, John C., 41 
Knight, Harry H., 161 
Krampitz, L. 0., 45 
Kucera, C. L., 1 79 
Lawrence, Walter W., 299 
Levine, Max, 51 
Longnecker, Danie l S., 31 
Mathre, Judith H., 427 
Melampy, R. M., 437 
Mickelson, Milo N., 61 
Miller, Sanford R., 459 
Myers, W.F., 69 
Paretsky, D., 69 
Rathke, Michael W., 385 
Raun, Earle S., 141, 291 
Saz, Arthur K., 75 
Shaw, R .H., 201 
Shockman, Gerald D., 83 
Slade, Hutton D., 83 
Smith, Christine, 61 
Smith, Frederick G., 385 
Stjernholm, Rune, 123 
Thomson, GeorgeW., 415 
Utter, Merton F., 97 
Vanicek, C. David, 481 
Wall, Jeanne C., 23 
Walton, Robert H., 23 
Watts, Dean D., 115 
Weller, Milton W., 151, 447 
Williams, Patric L., 2 3 




Acetobacter suboxydans, 28 
Adenocarcinoma E-0771, 61 
Aegolius acadicus, 151 
Aerobacter, 55 
aerogenes, 45,57, 77, 126 
cloacae, 77 
Air temperatures, maximum and 
minimum for Ames, Iowa, 201 
Alkaline proteinase, activity 
of, 31 
Ambrosia artemisiifolia, 407 
Amethopterin, duration of the 
effects in the mouse, 1 7 
Amino acid composition, 61 
Anagasta kUhnieLLa, 141 
Aplodinotus grunniens, 483 
Asclepias syriaca, 407 
Ascorbic acid assay, 385 
Aspergillus oryzae, 31 




var. thuringiensis, 141 
Bacterium 
coli alpha, 53 
co Li be ta, 5 3 
coli commune, 52 
coli-gomez, 53 
coli neapolitanum, 53 
Bromus 
inermis, 427 
purgans, 42 7 
Cammallanus sp., 484 
Carpiodes carpio, 483 
Carya spp., 379, 407 
Cirsium arvense, 407 
Coliform group, some changing 
concepts regarding, 51 
Contracaecum sp., 484 
Coxiella burnetii, 69 
Crataegus mollis, 181 
Cyprinus carpio, 310, 483 
Cytophaga succinicans, 135 
Daphnia, 484 
Demodex canis, 291 
Doctoral Dissertations, 
Index by authors, 224 
Dorosoma cepedianum, 481 
Ehrlich ascites tumor, 61 
Electrophoresis in star ch gels, 
11 7 
Enterobacteriaceae, 51, 57 
Enzymatic method of ascorbic 
acid assay, 385 
Enzymatic oxidation, factors 
affecting, 388 
Enzymes, a tale of two, 13 
Errington, Paul, the writings 
of, 44 7 
Escherichia coli, 51, 77 
var. neapolitana, 52 
Folic acid vitamins, studies on, 
17 
Fraxinus americana, 379 




albifrons, 161, 165 
arizonae, 161, 1 71 
chloris, 164 
~La) stalii, 161 
divisa, 162--
dreisbachi, 161, 169 
furcata, 161, 168 
illini, 173 
(Ii';ricora) divisa, 161 
inusta, 1 71 
malina, 1 70 
nicholi, 161, 169 
~si, 163 
recurvata, 161, 167 
santacatalinae, 161, 172 
schaffneri, 161, 165 
spicata, 161, 167 
sta Lii, 1 73 
vittifrons, 161, 166 
SUBJECT INDEX 505 
Ictalurus punctatus, 483 
Icti obu s b u balus, 483 
Juniperus virginiana, 151, 181 
Lactic acid concentration in 
blood of carp, 30 9 
Lactobacillus bifidus, avian, 
nutrition of, 2 3 
Lactobacillus 
arabinosus, 62 
casei, 41, 62 
~uckii, 62, 67 
L-ascorbic acid, analysis of, 389 
Larix leptolepis, 39 3 
Lepisosteus platostomus, 483 
Leuconostoc mesenteroides, 62 
Lewis and Clark Lake, age and 
growth of sauger in, 481 
Lopidea, 161 
Masters' Theses, Index by 
authors, 211 
Melanotrichus, 161 
Micrococcus cerolyticus, 77 
Microtus 
agr e stis, 159 
ochrogaster, 151 
pennsylvanicus, 151 
Molecular weight, theoretical 
equations for, 323 
Mus musculus, 157 
Myrothecium verrucaria, 385 
Notropis atherinoides, 483 
Ostrinia nubilalis, 141 
Owls, sma LL mammal prey of, 151 
Panicum, 427 
virgatum, 428 
Pediococcus cerevisiae, 41 
Peromyscus spp., 153 
Phleum pratense, 379 
Phosphoenolpyruvate synthesis, 
pathways of, 97 
Pinus 
~ksiana, 405 
re sinosa, 405 
strobus, 405 
~ris, 377, 405 
Poa pratensis, 379, 407 
Polyelectrolytes, molecular 
weight determinations of, 323 
Pomoxis annularis, 483 
Prairie trees, effects of fir e 
on, 1 79 
Precipitation probabilities a t 
Des Moines, Iowa, 459 
Prefolic A (5-methyltetrahydro-






Propionic acid fermentation, 131 
Proteus vulgaris, 77 
Provenance trials 
Japanese Larch in northeast 
Iowa, 393 
Scotch pine i n southeast Iowa, 
405 
Scotch pine in northeast Iowa, 
377 
Prunus americana, 181 
Pseudomonas aeruginosa, 77 
Pseudopsallus, 161 
Publications of ISU Faculty, 
1962-63, Index of, 235 
Pyrus ioensis, 181 
Quercus spp., 379, 407 
Reithrodontomys megalotis, 15 3 
Salmo gairdneri, 320 
Salmonella, 51, 57, 61 
schotmuelleri, 57 
senftenberg, 5 7 
Sauger, age and growth of, 481 
Scaphirhynchus platorynchus, 483 
Sea water, antibiosis in, 75 
Shigella, 51 










Stizostedion canadense, 481 
Streptococcus, 94 
faeca tis, 26, 83 
Tilia americana, 3 79, 407 
Tin(II) reduction of some 
ferricinium ions, 299 
Trifolium pratense, 379 
SUBJECT INDEX 
Ulmus spp., 379 
americana, 181 
Vitamin E determination in 
animal tis sues, 3 
Zea mays, 187 
